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Abstract 
 A method is described for fabricating controlled micro-scale, topographical features on aluminum surfaces 
for the purpose of exploiting those features to affect the surface wettability. Using a photolithographic approach, a 
photoresist-masked surface is subjected to a plasma etch in a mixture of gaseous BCl3 and Cl2. Parallel grooves, 
microns to tens of microns in width, depth and spacing are studied, because this geometry is scaleable for mass 
production by roll-to-roll micro-embossing, and because the anisotropic nature of these features provides a 
directional change in wettability that can reduce the retention of water on the surface. Aluminum was studied 
because it is naturally hydrophilic and widely used in wet-surface heat exchanger applications, because of its low 
cost and excellent mechanical and thermal properties.  
Water droplets placed on a micro-grooved aluminum surface using a micro-syringe exhibit significantly 
increased apparent contact angles, and for water condensed onto an inclined, micro-grooved surface, the droplet 
volume at incipient sliding is reduced by more than 50% compared to droplets on a surface without micro-grooves. 
No chemical surface treatment is necessary to achieve this water repellency; it is accomplished solely through the 
anisotropic surface topography. The droplet geometry shows an elongated base contour relative to a surface without 
micro-grooves, and discontinuities in the three-phase contact line are also introduced by the grooves. A mechanistic 
model is presented for predicting the critical droplet size on micro-grooved surfaces. This model extends earlier 
work by accounting for the droplet geometry and contact-line changes caused by the micro-grooves. The model is 
validated through comparisons of predicted to measured critical droplet sizes, and it is then used to provide guidance 
for the development of surfaces with enhanced water drainage behavior.  
In a broad range of air-cooling applications, water retention on the air-side surface of metallic heat 
exchangers is problematic, because it can reduce the air-side heat transfer coefficient, increase core pressure drop, 
and provide a site for biological activity. In refrigeration systems, the accumulation of frost on metallic fins requires 
periodic defrosting and reduces energy efficiency. When water is retained on these surfaces following the defrost 
cycle, ice is more readily formed in the subsequent cooling period, and such ice can lead to shorter operation times 
before the next defrost is required. Thus the management and control of water droplets on heat-transfer and air-
handling surfaces is vital to energy efficiency, functionality, and maintenance in air-cooling systems. The micro-
structured surfaces introduced in this work are proposed for use in air-cooling and dehumidifying applications, but 
they may have other applications where the management of liquids on a surface is important.  
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Chapter 1. Introduction 
1.1 Background 
In a broad range of air-cooling applications, water retention on the air-side surface of heat exchangers is 
problematic, because it can reduce the air-side heat transfer coefficient, increase the core pressure drop, and provide 
a site for biological activity. In refrigeration systems, the accumulation of frost on the heat exchanger requires 
periodic defrosting and attendant energy expenditures. When water is retained on these surfaces following the 
defrost cycle, ice is more readily formed in the subsequent cooling period, and such ice can lead to shorter 
operational times between defrost cycles. The drainage of water, whether from condensation or melting frost, is very 
important to the air-side heat exchanger performance. 
The objective of this project is to evaluate the wettability and retention of water droplets on aluminum 
surfaces functionalized using a micro-scale topography designed to alter the wettability. Furthermore, this project 
will provide a better understanding of the wettability of such surfaces which might facilitate new surface designs 
with improved liquid drainage behavior. There are several novel aspects of this research. Most important are the 
development of the dry-etching process to create a highly controlled surface microstructure, the identification and 
use of anisotropic wettability as a means to increase drainage, and the quantitative characterization of droplet 
characteristics and retention. The engineering value of this project rests in its direct application to control condensate 
and frost formation on heat exchangers used in dehumidification and air-cooling systems. 
The approach studied for enhanced drainage exploits micro-scale grooves on an aluminum surface 
produced using standard photolithographic techniques and dry etching. Grooves might be preferred over micro-scale 
posts or other geometries because they might be simpler to make and could provide directional wettability. By 
aligning the preferred wetting direction with gravity, it might be possible to enhance the drainage of water from a 
surface. Moreover, this work might motivate and guide the development of techniques that can be scaled to mass 
production. Such mass production, say by micro-embossing in a roll-to-roll fin-stock mill would make the marginal 
cost of using a functionalized surface negligible. 
As part of an effort to provide guidance for the design of these surfaces, the modeling of condensate 
retention on micro-grooved aluminum surfaces will be presented. The applicability of current models, tacitly based 
on an assumption of isotropic wetting, and their ability to provide reliable prediction of water retention on these new 
surfaces will also be evaluated. Because droplet shapes on surfaces with anisotropic wetting behavior are different 
from those on conventional, isotropic surfaces, it can be anticipated that existing models will be inadequate. Proper 
characterization of the contact-line geometry and contact angle variation as a function of the azimuthal angle—
something that has received very little attention in the open literature—can also be expected to be important to 
predicting water retention on these surfaces.  
In the next section, the current status of imparting hydrophobic properties to silicon and non-silicon 
substrates will first be outlined. Following that, a literature review of the current predictive models for the retention 
of water droplets on a surface will be presented. With the current state of knowledge established, detailed project 
objectives will be stated. In the next chapter, the methodology used to both produce and study these surfaces will be 
explained. Finally, the experimental results characterizing the wettability and droplet retention on these micro-
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grooved surfaces will be presented along with a detailed explanation about the functionality and development of this 
new predictive model.  
1.2 Literature Review 
A considerable amount of time and research has been devoted to designing superhydrophobic surfaces. 
Various methods have been used including chemical vapor deposition, plasma fluorination, so-gel processing, 
anodic oxidation, laser treating, chemical etching, and plasma etching. As a result, only those articles which are 
particularly germane to this research will be discussed. To assist the reader, this discussion will consider research on 
nonmetallic hydrophobic substrates separate from that on metallic substrates, with special focus placed on channel 
geometries.  
1.2.1 Nonmetallic Hydrophobic Substrates 
Geometric posts are often used to create super-hydrophobic surfaces because the droplet contact line on 
such surfaces is highly discontinuous and only possesses metastable states of equilibrium. Öner and McCarthy 
(2000) studied various shaped posts including square, staggered rhombus, star, and indented square posts etched into 
silicon. They found that the contact angle increased with the tortuosity of the three-phase contact line and reported 
high contact angles that were independent of the post height for etch depths of 20μm-140μm. They also claimed that 
the maximum spacing of square posts for imparting superhydrophobicity was ∼32μm. In all cases, however, the 
substrate was hydrophobized using an organosilane reagent (DMDCS, ODMCS, or FDDCS) prior to testing. 
Chen, et al. (1999) emphasized the difference between ultrahydrophobic and ultralyophobic surfaces, 
defining ultralyophobic as the ability of a surface to repel droplets independent of its contact angle. They criticized 
recent papers that reported a single stationary or advancing contact angle as being sufficient for explaining 
hydrophobicity. In defending their claim, Chen and co-workers pointed to evidence of both rough and smooth 
ultralyophobic surfaces, which varied in contact angle, but in both cases exhibited very little contact angle hysteresis 
and therefore small critical tilt angles. They did not discuss, however, the length scale of roughness needed to 
produce ultralyophobicity.  
In a paper by Patankar (2004), four different mechanisms for the transition of a water droplet from the 
Cassie mode of wetting† to the Wenzel mode of wetting‡ were proposed and examined using a simple energy 
balance analysis and the data of Yoshimitsu, et al. (2002). Patankar suggested that the Cassie and Wenzel states 
represent local energy minima separated by an energy barrier that is most likely overcome by a decrease in the 
gravitational energy potential when water enters the valleys. Patankar also pointed out that a droplet in the Cassie 
state does not necessarily have to transition to the Wenzel state. In this analysis, however, the spherical cap 
approximation was used, and the Bond number was defined in a slightly unconventional manner where Bo = (V / 
Vcap) 2/3. 
By modeling the protrusions of the Lotus leaf as paraboloids, Marmur (2004) showed that the Cassie-
Baxter contact angle was insensitive to the protrusion depth and relatively insensitive to steepness and therefore was 
                                                          
† The Cassie model predicts the equilibrium contact angle of droplets which only partially wet a surface. 
‡ The Wenzel model is used to predict the equilibrium contact angle of droplets which completely wet a surface. 
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nature’s preferred super-hydrophobic state on these leaves. This analysis, however, presupposes that designs which 
require steep protrusions are less favored by nature because of their increased susceptibility to breakage.  
In a related work, Bo He, et al. (2003) argued that two different contact angles can exist on the same 
surface depending on how the droplet was formed. According to this view, a robust super-hydrophobic surface 
exists at the intersection of the Cassie and Wenzel curves at a point that designates the maximum achievable 
apparent contact angle among all other possible lower energy states. By equating the total free energy of the wetted 
surface to the total free energy of the composite surface and then substituting Young’s equation, a simple expression 
relating the equilibrium contact angle to the geometric parameters of roughness at this critical point can be derived. 
This expression allows for the design of a robust hydrophobic surface that will not transition between states.   
Extrand (2004) argued that the two most important criteria for determining ultralyophobicity are contact 
line density and asperity height. Using simple body force analysis, Extrand developed expressions for the critical 
line density and critical asperity height of small droplets in terms of the surface geometry, droplet volume, apparent 
advancing contact angle, and fluid properties. These criteria were tested using experimental data from various rough 
surfaces and found to predict the collapse or suspension of droplets. Spherical droplets were assumed, and the 
droplet volume supported by the pillars was neglected.  
In a theoretical analysis of hydrophobic surfaces, Marmur (2003) developed mathematical expressions for 
the Gibbs free energy of a droplet of fixed volume on a surface. These expressions were then differentiated with 
respect to the contact angle, θ, and the fraction of the projected area of the surface, f. These local minima were 
proposed as demarcating the transition between the Cassie and Wenzel wetting regimes and given as additional 
equilibrium conditions that must be satisfied for the Cassie mode of wetting to occur. 
Extending this free energy analysis, Jopp, et al. (2004) examined periodic arrays of square and circular 
posts and pores on PDMS surfaces and compared the results to Marmur’s (2003) free energy calculations. 
Reasonable agreement was shown. Homogeneous wetting behavior was observed for the post structures and 
heterogeneous wetting for the pores. However, only the receding contact angles were reported, and the dimensions 
of the posts and pores were relatively large (i.e. 40-150 μm). 
In a numerical study of the metastable states of a droplet on an inclined plane, Krasovitski and Marmur 
(2005) found that, in general, the minimum contact angle θmin and maximum contact angle θmax do not equal the 
receding contact angle θrec and advancing contact angle, θadv, respectively. Therefore, the contact angle hysteresis of 
a droplet on an inclined surface—they claim—may be a misleading predictor of the droplet’s critical angle. 
Suzuki, et al. (2006) recently studied the sliding acceleration of water droplets on silicon surfaces coated 
with fluoroalkylsilane (FAS) and octadecyltrimethoxysilane (OTS). Their results showed that the acceleration 
depended strongly upon the FAS to OTS ratio—with small concentrations of FAS being preferred for larger slip 
accelerations. Suzuki, et al. (2006) observed that the sliding angle for a water droplet on these surfaces was not 
governed by the apparent contact angle but rather by the surface chemical composition. In fact, the surface with the 
largest water contact angle did not necessarily have the smallest water sliding angle.    
In a paper that stresses the importance of the topography in achieving superhydrophobic behavior, Zhang, 
et al. (2006) describe a novel method for producing lotus-leaf-like features on a film made of perfluoropolyether 
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(PFPE) and a highly fluorinated styrene sulfonate ester (SS). To make these PFPE-SS films, a suspension of 20-μm 
glass spheres in ethanol was evaporated on a glass slide, and the resulting monolayer of glass beads was pressed into 
a high purity aluminum foil dimpling the surface. The aluminum was then anodized to produce a honeycomb of 
porous channels—known as a porous anodic aluminum oxide (p-AAO) membrane. Finally, the PFPE and SS 
precursors were added, cured, and then peeled away from the p-AAO template to produce the surface. The 
advancing contact angle of smooth PFPE-SS without texturing was 107°, which after the addition of the lotus-leaf-
like structure increased to 170°. Interestingly, Zhang, et al. (2006) point out that the Cassie-Baxter formula 
underestimates the observed contact angle for a water droplet on a PFPE-SS nanopillar film (where ϕs = 0.24) by 
almost 20°. Zhang, et al. (2006) suggest that the large increase in observed contact line is due to the discontinuities 
in the three-phase contact line presented by the nanopillars, which decreases friction and lowers the energy barrier 
for movement. Zhang, et al. (2006) also cite recent studies which suggest that the static contact angle does not 
adequately describe the hydrophobicity of the surface. They suggest that low contact angle hysteresis is also 
important. 
Shastry, et al. (2006) described a rough superhydrophobic surface with a contact angle gradient 
accomplished by systematically varying the dimensions and spacing of square microfabricated pillars on the surface 
over a distance of 4 to 8 mm. Droplets were propelled down these gradients by mechanical vibration using energy 
supplied by a speaker and function generator. Based on these findings, Shastry, et al. (2006) suggest that the surface 
contact area fraction ϕ may be used as a control variable for droplet manipulation. 
Ha, et al. (2005) studied the sliding behavior of liquid droplets on fluorinated latex films—more 
specifically, heptadecafluorodecyl acrylate (FA) and 2,2,2-trifluoroethyl methacrylate (TFEMA). The 
hydrophobicity was found to be directly related to the FA fraction present in the copolymer and therefore the 
chemical composition. However, the sliding angle of liquid droplets on these surfaces was not found to directly 
proportional to the hydrophobicity of the surface. Instead, the surface morphology was observed to be important, 
and the sliding angle was shown to be highly sensitive to the preparation methods of the copolymer (batch vs. semi-
continuous emulsion polymerization). In explaining these observations, the authors cite work by Murase and 
Fujibayashi (1997) who reported that the sliding angles for water droplets on poly(dimethylsiloxane) were much 
lower than the sliding angles on poly(perfluoroalkyl acrylate), the more hydrophobic of the two surfaces.    
Other methods for creating super-hydrophobic non-metallic surfaces include the use of fractal surface 
structures and self-organized honeycomb. Shibuichi, et al. (1996) demonstrated that alkylketene dimer (AKD) forms 
a fractal structure spontaneously during solidification from its molten state, and that such a structure can yield 
contact angles greater than 170° without the need for fluorination treatments. However, small quantities of 
dialkylketone (DAK), which is difficult to completely remove from AKD, can substantially affect the final fractal 
structure (and consequently the contact angle) making reproducibility a concern. To compare their experimental data 
with theory, the box-counting method was used to obtain the fractal dimension. The other aforementioned technique 
described by Yabu, et al. (2005) utilizes the condensation of water droplets onto a microporous polymer film, which 
upon evaporation, creates a honeycomb of hexagonally arranged pores. The superhydrophobic pincushion structure 
is then formed by peeling off the upper layer of the honeycomb film using adhesive tape. Contact angles as large as 
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170° were reported. However, this method is applicable only to polymers and creates nonuniformities due to the 
stress applied during peeling.  
1.2.2 Metallic Hydrophobic Substrates 
Very few papers have been published on the hydrophobizing of metal substrates, and attempts to create 
such surfaces have predominantly involved electrodeposition or wet chemistry. Abdelsalam, et al. (2005) developed 
a technique for producing slightly hydrophobic metallic films through the electrochemical reduction of complex 
metal ions into the interstitial spaces between a monolayer of polystyrene latex spheres assembled on a gold surface. 
The latex spheres were dissolved using tetrahydrofuran (THF) leaving a regular hexagonal array of pores. The 
contact angle was found to increase with increasing film thickness (corresponding to increases in the pore mouth 
diameter) until the film thickness equaled half of the template sphere diameter. At this point, the pore mouth 
diameter began to decrease, as did the contact angle. The maximum achievable contact angle was 130°.  
Shirtcliffe, et al. (2005) studied patterned copper surfaces produced using wet chemistry and separately 
using electrodeposition. Both surfaces were hydrophobized using a fluorocarbon wash, typically reserved for 
waterproofing fabrics. Contact angles as high as 160° and reduced contact angle hysteresis were reported. Because 
grain boundaries etch faster than grains, the etchant (potassium persulfate) produced small-scale roughness in the 
copper. A modified Cassie-Baxter equation, which accounted for these two scales of roughness, was necessary to 
match the measured contact angle data. Two other recently reported techniques involving metallic surfaces include 
the electrodeposition of silver aggregates onto layer-by-layer polymer films (Zhao, et al. 2005) and the growth of 
ZnO crystalline nanorods on a glass slide via a wet chemistry approach (Wu, et al. 2005). Both of these techniques, 
however, still require an organic self-assembled monolayer (SAM) to impart superhydrophobicity to the surface, 
suggesting that for these techniques, geometric tailoring by microfabrication alone is insufficient. 
Studies concerned with the manufacture of hydrophobic aluminum surfaces are especially rare in the 
literature. Shibuichi, et al. (1998) described a wet chemistry technique utilizing H2SO4 and a silane coupling reagent 
to create a fractal-structured water-repellant surface through anodic oxidation. Contact angles as high as 160° were 
reported; however, the contact angles were measured for water/methanol droplet mixtures and contact angles greater 
than 90° were only observed for surface tension values greater than 40 mN/m. It is important to note that this 
method of achieving water-repellency (like most methods) requires the use of silane surface chemistry in addition to 
the geometrical modification of the surface. Furthermore, this fractal surface method produces many cracks and 
small spherical holes in the surface which could be problematic in applications were thermal cycling is necessary 
(i.e. frosting/defrosting).   
Another paper describing the fabrication of a hydrophobic aluminum surface also involved wet chemistry 
but utilized a slightly different approach. Using a Beck’s dislocation etchant (i.e. a mixture of HCl, H2O, and HF), 
Qian and Shen (2005) were able to preferentially dissolve dislocation sites in a polycrystalline aluminum sheet, 
creating a labyrinth of rectangular pits in the surface. Contact angles larger than 150° were reported for etch times as 
short as 15 seconds. However, this method also required subsequent treatment of the surface via fluoroalkysilanes 
and did not lend itself to detailed surface patterning.   
 6
Bayiati, et al. (2004) focused on the selective deposition of fluorocarbon (FC) films on metal surfaces, 
specifically aluminum, over SiO2 surfaces in an effort to control surface wettability. For this study, C4F8, CHF3, and 
CHF3/CH4 fluorocarbon gases were selected and plasma parameters were varied to achieve optimal deposition 
selectivity. Hydrophobic surface properties were achieved on aluminum. However, the maximum achievable water 
contact angle using this method was 118°, and water droplets deposited on the modified Al surfaces for long times 
were observed to penetrate the film and spread on the surface as if it were hydrophilic.  
In a related paper on fluorocarbon coatings, Ji, et al. (2002) were able to deposit hydrophobic multilayer 
CFx coatings on aluminum using benign Ar/C2H2/C3F8 chemistry in a sputtering/plasma-enhanced chemical vapor 
deposition system. The degree of hydrophobicity was observed to depend both on the fluorine content of the coating 
and the surface morphology. However, because of problems with adhesion on aluminum, a chromium intermediate 
layer had to be deposited onto the Al substrate first before the CFx coating could be deposited. Furthermore, the 
maximum advancing angle achieved using this method was only 105°.   
In a paper with deicing applications, Somlo and Gupta (2001) prepared a weakly hydrophobic 6061 
aluminum alloy surface through a dipping process involving dimethyl-n-octadecilcholorosilane (DMOCS) and 
studied the tensile strength of the ice/DMOCS interface. The DMOCS coating had the lowest ice adhesion strength 
of all tested surface treatments. However, no contact angle information was provided, and the adherence and 
longevity of the DMOCS coating to the aluminum surface was not quantified.  
In another relevant paper, Guo, et al. (2006) obtained superhydrophobic aluminum alloy 2024 surfaces 
using wet chemical etching with a 4 wt% NaOH aqueous solution for immersion times ranging from 2 to 8 hours 
followed by modification of the surface with cross-linked silicone elastomer, perfluorononane (C9F20), or 
perfluoropolyether (PFPE). The chemical surface modification was accomplished by spin-coating the liquid on the 
surface and then curing the film in a heater for 2 hours. Water contact angles exceeding 150° were achieved. Guo, et 
al. also examined untreated aluminum alloy surfaces. Interestingly, one surface with 20μm-diameter round, parallel 
grooves uniformly distributed on the surface was found to be slightly hydrophobic prior to chemical treatment which 
they were unable to explain. Guo, et al. concluded that the roughness plays a very important role in the fabrication 
of a superhydrophobic surface.  
1.2.3 Line-Patterned Substrates 
In an early theoretical study of the effect of surface heterogeneity on the contact angle of stripwise 
patterned surfaces, Neumann and Good (1972) found that for line widths below about 0.1 μm, the amplitude of the 
periodic contortion of the three-phase contact line is less than about 1nm, which is indistinguishable from a straight 
line. Therefore, at these scales, the roughness should not affect the hysteresis, and anisotropic wetting should not 
occur. This proposition was later supported by the theoretical work of Schwartz and Garoff (1985) which examined 
the capillary rise and resulting anisotropic wetting of vertical, doubly periodic patterned surfaces using energy-
minimization techniques. They found that local free energy minima disappear as the scale of the heterogeneity 
decreases, suggesting that hysteresis might altogether vanish for micron-scale roughness—a finding consistent with 
that of Neumann and Good (1972). Their analysis, however, required that the wettability variation from patch to 
patch be smooth, continuous, and sufficiently diffuse. 
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In related work, Boruvka and Neumann (1978) derived an exact closed-form solution to the problem of a 
liquid in contact with a wall consisting of alternating parallel strips of different materials. Their solution, however, 
necessitated a minimal liquid-vapor surface (i.e. mean curvature is zero) such that several strip widths away from the 
wall, the liquid surface became essentially planar. They also suggested that line tension needs to be considered when 
studying contact angle hysteresis, as also put forward by Drelich, et al. (1996). However, Pompe, et al. (2000) 
dismissed this idea recently by estimating the line tension of a microdroplet and showing that its contribution is 
usually negligible.     
In a study of droplets on a grooved substrate, Oliver, Huh, and Mason (1977) examined droplets of PPE 
and mercury on parallel-grooved nitrocellulose surfaces and found that the mercury droplets were nearly spherical 
while the PPE droplets were cylindrical. Using a mechanistic approach, Oliver and co-workers showed that the 
Cassie-Baxter equation is valid for nearly spherical droplets on these parallel-grooved surfaces. However, for the 
case of the cylindrical droplet, the Cassie-Baxter equation was not valid, and Oliver and co-workers developed a 
new expression for the apparent contact angle from a two-dimensional force balance. In the case of PPE wetting, 
they also mentioned the appearance of liquid tongues at the end of the droplet due to capillary channeling, a 
phenomenon that creates the appearance of a ragged contact line.    
Schonhorn (1987) modified the capillary pressure term in the expression developed by Oliver and co-
workers to account for droplet curvature both parallel and perpendicular to the groove. He compared this model to 
experiments using glycerol, mercury, and liquid crystal droplets on a parallel-grooved silica surface. Reasonable 
agreement was reported, and Schonhorn suggested that the elongated droplets observed by Good, Kvikstad, and 
Bailey (1971) were probably due to surface roughness, not an anisotropic force field.   
Morita, et al. (2005) offered insight into the anisotropic wetting of micropatterned two-component 
fluoroalkylsilane monolayer surfaces with alternating hydrophilic/hydrophobic lines of width 1-20 μm. For all line 
widths, they observed that the static and dynamic contact angles of a droplet oriented orthogonally to the stripes 
were 10-30° larger than those of the droplet oriented parallel to the stripes. Unlike earlier researchers, they suggested 
that the source of this anisotropy is neither the line tension nor the asperity but the energy barrier of wetting. In the 
orthogonal direction, this energy barrier is the periodic hydrophobic stripe. In the parallel direction, however, there 
is no energy barrier of wetting, and the droplet is allowed to advance more freely. This explanation was supported 
by the sliding angle data which showed low tilt angles for droplets sliding parallel to the stripes, but droplets sliding 
orthogonally to the stripes resisted tilt angles of more than 80°. The sliding angle calculated using Furmidge’s (per 
Morita, et al. 2005) equation, ( ) ( )ar coscosw/sinmg θ−θγ=α 1 , disagreed with the measured sliding angle for 
droplets sliding parallel to the stripes by as much as 20°, pointing to the inability of this simple 2D model to 
represent the physics. Morita, et al. (2005) also reported that low-surface-tension liquids will exhibit greater 
distortion than high-surface-tension liquids, and this distortion will be magnified with increases in droplet volume. 
As a result, a strong wettability contrast is needed for high-surface-tension liquids (i.e. water) to manifest this 
distortion. No general model explaining how the contact angle varied with the azimuthal angle was offered.  
Gau, et al. (1999) studied a structured surface consisting of hydrophilic MgF2 stripes on an otherwise 
hydrophobic substrate by exposing the surface to humid air and condensing water onto the wettable regions. They 
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observed that the liquid collecting on the stripes underwent a sudden transition to a different morphological state 
after a critical volume of liquid was adsorbed. Using linear stability analysis, they found that this instability 
represented a bifurcation between two different channel states of constant mean curvature. The bridges formed 
between stripes were stable because the channels were sufficiently hydrophobic and of relatively large width. 
Reducing the channel width, they speculated, would cause the bridge formation to perpetuate a spreading process 
resulting in the complete coverage of the stripe and the coalescence of the channels.  
Seeman, et al. (2005) studied the wetting behavior associated with microstructured rectangular grooves in 
silicon. The novelty of their approach was twofold. They analyzed polystyrene droplets which could be “frozen” by 
lowering the temperature below the glass transition temperature, and they condensed the polystyrene onto the 
surface rather than injecting it through a syringe. Using atomic force microscopy (AFM), they identified three 
different basic morphologies associated with these grooved surfaces: overspilling droplets, extended filaments, and 
thin wedges. The wedges were confined to the groove corners while the filaments had the interesting property of 
growing or shrinking parallel to the groove without a perceivable change in the cross section. Seeman and co-
workers found that these regimes could be delineated according to the aspect ratio of the channels (depth/width) and 
the surface contact angle.   
Yoshimitsu, et al. (2002), in a highly germane paper, studied the sliding behavior and contact angle 
variation of water droplets on hydrophobic pillar and groove structures prepared from a silicon wafer by dicing it 
and then coating it with fluoroalkylsilane. They found that for the pillar structure, the transition from the Wenzel to 
the Cassie-Baxter mode of wetting occurred at smaller roughness values than predicted by the work of Johnson and 
Dettre (1963), which approximated a patterned rough surface with a sinusoidal function. Yoshimitsu and co-workers 
attributed this difference to surface roughness and chippings on the side walls that originated during dicing and 
might have prevented water from intruding into the space between pillars. Of perhaps greater significance, however, 
was their finding that the dependence of the sliding angle on the weight of the water droplet was smallest for the 
parallel direction in the groove structure, followed by the pillar structure, and finally by the orthogonal direction in 
the groove structure. Although the contact angle was lower on the groove structure, it exhibited better water-
shedding characteristics in the parallel direction than the pillar structure because of its low energy barrier to the 
movement of the contact line. This observation showed that a reduction in the solid-water contact area without 
regard to the contact line may not produce better sliding behavior. 
In paper reporting experimental results for the spreading of liquid metals on heterogeneous surfaces, 
Naidich, et al. (1995) studied the kinetics and mechanisms by which molten tin spreads on both stripwise and 
patchwise surfaces of molybdenum and glass ceramic. Even for a relatively large droplet size (e.g., 25 μL), they 
found that initial rates of spreading were higher along the strips than across them. In fact, the melt moved 
continuously along the strips but stopped periodically as it spread across the strips. An analysis of the near-contact 
region also revealed that the observed advancing and receding contact angles are dependent upon the local contact 
angles of the contact line, which are in turn affected by the contact angles of the stripwise/patchwise components, θ1 
and θ2. In short, an accurate representation of the contact angle around the base contour of the droplet was found to 
be necessary for explaining the mechanism of spreading. 
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Huh and Mason (1977) explained the mechanism for how water spreads across a channel-like energy 
barrier. According to them, the spreading process is caused by capillary pressure differences in the main volume of 
the droplet and in the near-contact region. These pressure differences cause surface deformation to spread upward 
and the local contact angle to grow. Once the local contact angle reaches the contact angle of the adjoining stripwise 
surface, the droplet will spill over onto the next strip. If during pressure equalization, however, the contact angle 
does not achieve the critical contact angle of the adjoining strip, liquid movement is halted across the strips. It 
should be noted that if this same spreading mechanism is used to explain the spreading of water on an Al surface 
with microchannels separated by air, the critical contact angle for orthogonal droplet expansion would be 
theoretically 180°. Preliminary results presented later will show the value to be approximately 150°. 
Warren (2004) derived scaling laws governing droplet expansion in the absence of a fixed-pressure 
reservoir in a groove, a network of grooves, and on a hydrophilic strip using both simple scaling arguments and 
similarity analysis. In the case of a reservoir, a t1/2 spreading law was anticipated. However, in the absence of a 
reservoir, Warren found that spreading along a hydrophilic strip scaled as t1/5. Similar kinetic reductions were 
predicted for spreading in a groove and a network of grooves.    
In a very relevant paper, Léopoldès and Bucknall (2005) studied the spreading of squalane, diethylene 
glycol, and silicon oil droplets on silicon surfaces microstriped with different self-assembled monolayers (SAM) 
prepared through a microcontact printing process. Three distinct spreading regimes were observed, a phenomenon 
they attributed to the wettability contrast between the stripes. For low wettability contrast (i.e. Δθ1,2 < 30), the 
droplet was observed to spread with the same velocity both normal and parallel to the stripes. For intermediate 
contrast (i.e. 30 < Δθ1,2 < 50), a stick-slip behavior was observed during which the contact line jumped from one 
lyophobic border to another. For high contrast (i.e. Δθ1,2 > 50), contact line pinning normal to the stripes occurred, 
and 2-D spreading proceeded completely along the stripes. Furthermore, for high wettability contrast, Léopoldès and 
Bucknall showed that droplets do not obey theoretical scaling laws and reported a slight enhancement in the 
spreading of the droplet parallel to the stripes for increasing microstripe width. The rate of spreading on these 
patterned surfaces was found to be faster than the homogeneous surface. These observations are important in 
designing a more efficient water-draining surface. They chose, however, an atypical droplet volume (3.5 μL) for 
their analysis and relied solely on syringe injection. Their scaling analysis for high wettability contrast also assumed 
a negligibly small droplet height and negligible variation in the transverse curvature.  
The only paper identified that addresses the condensation of water vapor onto a superhydrophobic grooved 
surface is the work of Narhe and Beysens (2004). In this work, silicon substrates were prepared using the same 
technique outlined by Yoshimitsu (2002) and treated by silanization. The contact angles were 130° ± 2° and 110° ± 
2° in the directions orthogonal and parallel to the groove, respectively. Four stages of droplet growth were 
identified: initial, intermediate, drying, and large drop formation. Self-similar drop growth laws were obeyed that 
did not differ from a flat surface for the early and intermediate times. During the drying stage, the instantaneous 
drying of the top surface of the grooves was observed due to the coalescence of water droplets with completely filled 
channels. For long times, bridges formed between the channels resulting in large droplets that covered several 
grooves. 
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The paper that is most closely related to this work is that of Chen, et al. (2005), who examined the apparent 
contact angle and shape of water droplets on parallel-grooved surfaces using both numerical and experimental 
approaches. Equilibrium drop shapes were predicted numerically by minimizing the system free energy while 
simultaneously constraining the drop volume to a fixed value. Both the initial drop shape and the number of 
occupied channels were specified as inputs. It was found that multiple equilibrium shapes were possible, and the 
final predicted shape depended largely upon the number of channels on which the drop resided. This numerical 
model was then compared to contact angle measurements of water droplets on a PDMS substrate having a pillar 
width of 23μm, groove width of 25.6μm, and a pillar height of 30μm. The apparent contact angle viewed along the 
channels was typically larger than the contact angle viewed perpendicular to the channels. This behavior, attributed 
to the pinning of the droplet against the pillars, was observed both numerically and experimentally. An equivalent 
smooth contact line was chosen to approximate the discontinuous one that they observed, and a cubic equation was 
chosen for the base contour shape because it was “flatter” on the sides than an ellipse and because it better fit their 
data. In their model, droplet volume, contour shape, and contact angle are all needed a priori in arriving at the 
equilibrium droplet shape. Chen, et al. also examined very small water droplets (i.e. 0.59 – 5.7 μL) and never 
quantified the mathematical relationship between the contact angle and the azimuthal angle. No information about 
critical inclination angle or maximum droplet size was provided.  
1.2.4 Droplet Shape Parameters 
Dussan V and Chow (1983) studied static droplet shapes at critical conditions on an inclined surface for a 
drop contact line with straight-line segments on the sides. In this view, the droplet was assumed to be elongated and 
parallel-sided. This analysis was valid only in the limit of small contact angle, and Dussan V (1985) later extended 
this work to allow for larger contact angles. The model provided closed-form expressions for the maximum volume, 
speed, and wetted area of a droplet on a surface of inclination, α, but it required knowledge of the advancing and 
receding contact angles, θA and θR, as well as the slope of the contact angle with respect to the speed of the contact 
line, κR and κA. The most limiting restriction of this analysis was its assumption of small contact angle hysteresis. 
Dussan V (1987) later included the effects imposed by the motion of the surrounding fluid, but again the analysis 
was limited to a droplet with small contact angle and small hysteresis.  
Briscoe and Galvin (1991) studied the critical volume of sessile and pendant droplets and found that the 
critical surface inclination angle, αc, scaled with V-2/3 for sessile droplets, where V is the volume of the droplet at 
incipient motion. They compared their data to the prediction of maximum volume given by Dussan V (1985) and 
reported reasonable agreement. The theoretical equation by Dussan V, however, under-predicted the maximum 
volume by as much as 23% with smaller errors occurring at small inclination angles.   
In a numerical study involving free energy minimization of fixed-volume droplets on a vertical surface, 
Milinazzo and Shinbrot (1988) sought to disprove the hypotheses that the wetted area of a droplet remains 
unchanged as the Bond number increases from zero and that a bifurcation instability can occur suddenly. They 
found instead that the contact angle hysteresis increases with Bond number until either θA goes to π or θR goes to 
zero. No evidence for bifurcation was found, and beyond a critical Bond number, the droplet was found to 
necessarily move, either the wetted area changing or the entire droplet rolling off the surface. However, because 
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only the inclination angle was truly independent, the increase in θA (or conversely, the decrease in θR) was found to 
scale almost linearly with the Bond number, a finding that disagrees with experimental evidence.  
In a finite element solution of the Young-Laplace equation, Brown, et al. (1980) were able to solve for the 
shape of droplets on various surfaces of inclination. Their analysis did acknowledge the variation of the contact 
angle around the base contour, but it only considered the case of a circular base contour and a fixed contact line and 
predicted the horizontal contact angle, θH, to be intermediately located between the maximum and minimum contact 
angles of the drop, a behavior counter to experimental observations. They also claimed by simplistic demonstration 
that cross-plane sinusoidal surface roughness is unimportant except for the case where the droplet width is of the 
same size as the amplitude of the roughness. Their approach, which required the specification of the tilt angle and 
base contour radius, also assumed that the droplet volume was known a priori.      
The two aforementioned numerical investigations along with an earlier one by Larkin (1967), who solved 
the capillarity equations using a finite-difference technique, found the horizontal contact angle to lie somewhere 
between the advancing and receding contact angles. This finding stands in contradiction to experimental work by 
MacDougall and Ockrent (1942), who reported the horizontal contact angle to be almost equal to the advancing 
contact angle. In addition, MacDougall and Ockrent found that for many surfaces the advancing contact angle was 
independent of inclination angle with only the receding contact angle varying with α. This observation also stands in 
contrast with the numerical studies which predict that both the advancing and receding contact angles should vary 
with inclination angle. These incongruities raise questions about the reported contact angles from these numerical 
studies and show the need for a predictive model that accurately captures droplet behavior.  
Extrand and Kumagai (1995) studied contact angle hysteresis, droplet shape, and the retentive force for 
water and ethylene glycol droplets at the critical condition on polymer and silicon surfaces using a tiltable plane. 
They found that surfaces with large contact angle hysteresis produce more elongated drops. Similarly, the retentive 
force was found to increase with the elongation of the droplet. Extrand and Kumagai also showed that the retentive 
force increased with the aspect ratio of the drop. For these experiments, the base contour was elliptical. However, 
cos θ was assumed to vary linearly around the base of the drop, and relatively large droplet volumes were also used 
(i.e. 36-116 μL). 
In a theoretical paper by Extrand (2006), the cross-sectional areas of small sessile droplets were calculated 
for surfaces of varying wettability. These areas were then used to estimate the flow blockage due to sessile droplets 
in rectangular channels. These findings suggest that even modest improvements in wettability (i.e. lower contact 
angles) can lead to a substantial reduction in air flow blockage. 
In a numerical study of droplets at the critical condition, Dimitrakopoulos and Higdon (1999) solved for the 
droplet configuration that produced minimum contact angle hysteresis (i.e. θA-θR) for a specified advancing angle θA 
and Bond number. They equated the pressure contributions from gravity and surface tension at the liquid-vapor 
interface and set no requirements on base contour of the droplet. They found the droplet shape was elongated in the 
direction perpendicular to the gravitational force, a result inconsistent with experimentation. In order to correct this 
problem, a constraint was applied to the contact line which restricted the direction of elongation. The result, 
however, produced a nearly step-wise variation of the contact angle from θA to θR around the base of the drop.   
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In two recent reports by El Sherbini and Jacobi (2004a,b), droplet shapes were studied experimentally. The 
droplet shape was approximated using a ‘two-circle method’ in which the droplet profile is fitted with two circles 
sharing a common tangent at the apex of the droplet. The volume was then calculated by integrating the profile 
around the circumference of the base. This method was found to accurately predict the volume of droplets, knowing 
only the contact angle and shape of the three-phase contact line. Their work was limited to conventional surfaces of 
homogeneous roughness. In the work of El Sherbini and Jacobi, the azimuthal variation of the contact angle around 
the base of the drop was found to follow a third-order polynomial, an observation that generally does not hold for 
water droplets on grooved surfaces as will be shown later. Furthermore, the base contour was assumed to be 
elliptical and continuous. Again, observations of droplets on surfaces with micro-etched grooves indicate that the 
modeling approach used on conventional surfaces does not readily extend to these topographically anisotropic 
surfaces. 
1.3 Summary  
The technical literature is replete with articles describing micro-size etching techniques for silicon 
substrates for the purposes of semiconductor research and microfluidics. However, only a few papers specifically 
address the fabrication of a hydrophobic aluminum surface using topographical changes. Furthermore, these papers 
either used wet chemistry techniques or chemical vapor deposition processes that did not utilize precise patterning 
control, and in each case, chemical coatings were still needed to achieve surface hydrophobicity. Silicon is unlikely 
to be used in the air-cooling applications motivating this study. Furthermore, thermal cycling and the accompanying 
cyclical condensation, freezing, melting, and draining of water on heat transfer surfaces in air-cooling applications 
raises concerns regarding robustness and longevity of both the fluorocarbon-coated and fractal-like, silane-coated 
surfaces developed in earlier work with aluminum. It was also found that the current models for calculating the 
critical droplet size for sliding do not correctly model water retained on these etched surfaces. The inability of these 
models to accurately predict the critical droplet volume is largely ascribed to the unusual variation of the apparent 
contact angle around the base of the drop, the discontinuity of the three-phase contact line, and the elongated, 
parallel-sided droplet shape. These attributes, although qualitatively reported in the literature, have not been 
quantifiably measured and modeled. Therefore, if functional topography is to be useful as a method for manipulating 
wettability for the purpose of controlling condensation, frosting, or water drainage on aluminum heat exchangers, 
then new models and methods are needed. 
1.4 Objectives  
The overarching objectives of this research are to develop a method for creating anisotropic wettability 
using micro-scale topographical features on aluminum surfaces, and to understand and model the effects of these 
surface features on droplet characteristics and water retention. The specific objectives are to create micro-grooved 
surfaces with various groove sizes, to measure contact angle variation and base contour shape, to quantify critical 
drop size, and to develop predictive tools that can be probed to guide the design of functionalized surfaces for air-
cooling and dehumidifying applications.   
As discussed in the literature review, there has been considerable research aimed at manufacturing and 
understanding hydrophobic surfaces. However, only a very small subset of that research has involved metallic 
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substrates. Currently, there is very little information in the technical literature characterizing the behavior of droplets 
on such surfaces, and there is no systematic method for patterning surface wettability through simple geometric 
modification. If patterned wettability can be achieved through simple surface modification of aluminum fin stock, 
the impact on air-cooling applications would be profound. It is also apparent from the literature that there have been 
no attempts to quantify the critical droplet size on a parallel-grooved surface. The ability of these surfaces to 
improve water drainage is clear, but no research has been reported to quantify the maximum sustainable volume of a 
droplet on these surfaces. Interesting and unusual variations of the contact angle with viewing direction have been 
reported in the literature, but no general model has been developed for how the contact angle varies around the base 
of the droplet. This information is imperative to understanding and accurately predicting water retention. This 
research was undertaken to directly answer that question by quantifying the droplet size, shape, and volume. New 
empirical correlations involving the variation of aspect ratio with Bond number, apparent contact angle with 
azimuthal angle, and droplet base radius with azimuthal angle will be developed and verified experimentally. 
Finally, it was also evident in reviewing the literature that little or no work has been done in addressing how the 
solid-liquid discontinuities of the three-phase contact line affect the surface tension retentive force. This research 
seeks to fill this gap in the literature by providing a systematic way of handling these discontinuities. By using this 
new information in a mechanistic model of droplet retention, this work provides guidance for the design of more 
robust water-shedding surfaces. Such surfaces could have profound implications in a range of engineering 
applications. 
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Chapter 2. Experimental Methodology 
2.1 Introduction 
The contact angle θ that a liquid droplet forms on a horizontal surface is described by the classical equation 
by Young (1855), 
LV
SLSVcos γ
γγθ −=  (2.1) 
where γSV , γSL, and γLV are the interfacial free energies per unit area of the solid-vapor, solid-liquid, and liquid-vapor 
interfaces, respectively. The specific contact angle that a water droplet forms on a surface has long been used as a 
gauge of the hydrophobicity of the surface. However, depending on how the water droplet forms on a rough surface, 
at least two different wetting regimes can exist. The first form, known as the “wetted surface,” occurs when the 
water droplet completely fills the surface asperities. This particular wetting regime, which may result from melting 
frost or condensing water vapor, is usually described by Wenzel’s theory of wetting (1936) such that  
θθ cosrcos =′  (2.2) 
where θ ′  is the apparent contact angle of the droplet wetting the surface and r is the surface roughness factor 
defined as the ratio of the actual wetted area to the geometric projected area. This ratio always has a value greater 
than or equal to unity. 
The second type known as the “composite surface” occurs when the droplet is suspended over the 
asperities, leaving air trapped beneath it. This form of wetting frequently occurs when the droplet is injected by 
syringe onto a surface having sufficiently small surface features. “Composite surfaces” are described by Cassie-
Baxter’s theory of wetting (1944) where 
( )1 1 ++−=′ θϕθ coscos  (2.3) 
and ϕ represents the surface area fraction of the wetted area to the projected area. This fraction always has a value 
less than unity. By themselves, large contact angles associated with a hydrophobic surface do not ensure that a 
surface easily sheds water. Therefore, the sliding angle is a useful criterion when evaluating the water drainage 
behavior of surfaces. The sliding angle is the critical angle for a water droplet of known mass to first begin sliding 
down an inclined surface. In this thesis, both wetted and composite surfaces are explored, and sliding angle data are 
presented.  
One objective of this research was to develop a new model for predicting water retention on parallel-
grooved aluminum surfaces, and as such it was important to understand how such modeling might depend on the 
wetting modes described by Wenzel and Cassie-Baxter models. To explore the Cassie-Baxter mode of wetting, 
syringe injection was used to deposit droplets. To explore the Wenzel mode of wetting, a Peltier stage was utilized 
to condense water vapor onto the surface generating droplets that wet the surface. In both cases, still images were 
obtained using a charge coupled device (CCD) camera around the base of the droplet. These images were then 
analyzed to obtain the apparent contact angle and dimensions of the droplet. In almost all cases, the grooves were 
aligned with gravity because that configuration appeared to be the most promising for promoting drainage. In the 
following sections, more detailed descriptions of the experimental setup are presented.  
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2.2 Surface Fabrication 
Parallel channels approximately tens of microns in width and depth, running the length of the surface, were 
etched into plates of aluminum alloy 1100 (99.9% pure Al), 63.5 mm by 63.5 mm by 3.2 mm in size. The fronts of 
the plates were machine buffed to ensure good surface reflectivity, with care taken to ensure that they remained flat. 
This care is necessary to minimize errors during the transferring of the mask pattern to the photoresist layer during 
UV exposure. On the backs of the plates, two holes were drilled to a depth of approximately 2.5 mm and threaded to 
allow for backside mounting to a Peltier cooling stage. Additionally, eight holes of varying depth were drilled into 
the sides of the plates, four on each side, to accommodate the insertion of thermocouples for surface temperature 
monitoring (see Figure 2.1). Before polishing, the plates had an average roughness, Ra, of 350 nm, whereas after 
polishing the Ra was 25-35 nm. 
Standard photolithographic practices were employed in preparing the plates for etching (see Figures 2.2 - 
2.4). First, one of two different photoresists was spin-coated onto the aluminum surface using a Headway spinner 
(see Figure 2.5a). The choice of photoresist was made based on the etch selectivity of the photoresist, the thickness 
of the photoresist layer after spinning, and the relative ease of removing the photoresist following etching. For 
shallower etches (i.e. ≤ 5 μm), positive photoresist S1813 was used; while for the deeper etches (i.e. > 5 μm) which 
represented the majority of surfaces made, AZ4620 positive photoresist was chosen. In all cases, the surface of the 
aluminum was cleaned with acetone, rinsed with isopropyl alcohol, and dried using a stream of nitrogen gas prior to 
spinning. Because the process differed for the two photoresists, the procedural details are summarized in Table 2.1. 
After the photoresist was spun onto the substrate, the aluminum plate was soft baked to prevent mask sticking. A 
Quintel Q7000 IR Backside Mask Aligner was then used to align the mask over the aluminum substrate and expose 
the photoresist to UV light (see Figure 2.5b). The photomask was made of soda-lime and coated with chrome and 
was 127 x 127 mm in size. Two different photomask designs were used as shown in Figure 2.2—one in which the 
microchannel pattern occupied the entire mask and another in which the mask was divided into quadrants. 
Development was by immersion and agitation in a beaker for 3 minutes using a 1:4 ratio of developer to water. Each 
of the samples was then inserted into a TI Planar Plasma Etch system and subjected to a 300 W oxygen plasma for 
20 seconds for residual photoresist removal. The samples were then post-baked to completely harden the masking 
layer and transferred to the PlasmaTherm SLR-770 Inductively Coupled Plasma Reactive Ion Etcher (ICP 
RIE) for dry chemical etching (see Figure 2.5c). The ICP-RIE system consists of an inductor mounted on a standard 
RIE chamber. Using this setup, the ion energy and plasma density and can be controlled independently of the 
chamber pressure. The ion energy is controlled by a 13.56 MHz radio-frequency power supply applied directly to 
the substrate (i.e. RF1), and the plasma density is controlled by the 2 MHz ICP coil (i.e. RF2). After etching, the 
samples were rinsed with copious amounts of acetone and gently brushed with a swab to remove the photoresist 
layer. The TI Planar Plasma Etch system was then used again in an ashing step to remove any remaining organic 
material on the surface by means of an oxygen plasma at 600 W for 5 minutes.  
The samples were then removed, and each sample was analyzed using a Cambridge S-360 scanning 
electron microscope (see Figure 2.5d) and an Alpha-Step profilometer to determine the surface geometry accurately. 
Using this methodology, different samples were made from a single photomask with only the main etch time being 
varied. The final etch depths that were produced using this method ranged from 5.2 μm to 27.0 μm. In all cases, the 
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channel spacing was fixed by the mask at 5, 15, 20, 25, 30, or 40 μm; although for longer etch times, etching of the 
sidewalls was apparent resulting in enlarged channel widths. For example, sample #1 had a final channel width of 
33.2 μm, sample #2—34.8 μm, and sample #3—36.8 μm despite each having a prescribed photomask width of 30 
μm. (See Table 2.2 for a complete listing of individual etch times and surface characteristics.) 
6.35 19.05
19.05
25.4
25.4
50.8 63.5
 
Figure 2.1 Test specimens were constructed from aluminum alloy 1100 with ports drilled into the sides of the 
plate to allow for the insertion of thermocouples. Dimensions shown are in ‘mm’. 
 
Figure 2.2 Optical masks were used to selectively expose the photoresist layer to UV radiation. Shown above are 
the two types of photomasks that were used. 
photoresist (PR)
aluminum
uniform UV exposure
 photomask
ALIGNMENT
WET CHEMICAL
DEVELOPMENT
DRY ETCHING
ASHING  
Figure 2.3 The photolithographic and etching process used to make these samples consisted of the following 
steps—mask alignment, UV exposure, development, reactive ion etching, and ashing. 
 15 or 30 μm 
 20 μm  25 μm
 5 μm  40 μm
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Figure 2.4 Schematic of an ICP-RIE dry etching system (Kim et al. 2003) 
 
 
 
Figure 2.5 Images of the equipment used: (a) Headway spinner, (b) Quintel Mask Aligner, (c) ICP-RIE system, 
and (d) Cambridge SEM 
(c) (d) 
(a) (b) 
  Al 
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Table 2.1 Photoresist Experimental Test Matrix 
Sample No. / 
Photoresist 
(PR) 
Spinning Soft Bake Exposure  Developer Post Bake PR Thickness 
1 
S1813 
25 sec @ 
4000 rpm 
110°C 
1 min 
9.4 mW/cm2 
11 sec 
CD-30 
60 sec 
125°C 
2 min ~1.9 μm 
2, 3 
AZ4620 
30 sec @ 
2000 rpm 
65°C Æ 100°C  
20 min ramp 
9.4 mW/cm2 
60 sec 1 
AZ 400K, 1:4  
3 min 
110°C Æ 
140°C 
20 min ramp 
~12.0 μm 
4 - 12 
AZ4620 
30 sec @ 
2000 rpm 
65°C Æ 100°C   
20 min ramp 
6.6 mW/cm2 
54 sec 
AZ 400K, 1:4 
3 min 
110°C Æ 
140°C 
20 min ramp 
~11.0 μm 2 
NOTE:  1 – The photoresist was overexposed resulting in channels of exposed Al wider than prescribed by 
the mask. 
 2 – Samples were pre-baked at 65°C for 10 min prior to spinning. 
 
The actual dry chemical etching was performed in three steps according to one of the following methodologies:  
Method 1: First, the native oxide layer was removed via a one-minute surface scavenging process 
involving 20 sccm of BCl3 at a power setting of 30 W to electrode RF1 and 300 W to electrode RF2. The 
bias generated by the plasma was approximately 150 VDC. The next step was the main etch. A mixture of 
20 sccm BCl3 and 5 sccm Cl2 were fed to the chamber at a setting of 12 W to RF1 and 300 W to RF2. The 
bias induced in this step was 77-80 VDC. Following this procedure, a short passivation step was performed 
to stop the etching. A one-minute 20 sccm O2 plasma at 50 W RF1, 300 W RF2 was used for the 
passivation. The approximate etch rate (ER) for this recipe was 0.16 μm/min.   
Method 2:  According to this recipe, the native oxide layer was removed via a two-minute surface 
scavenging process involving 20 sccm of BCl3 at a power setting of 30 W to electrode RF1 and 300 W to 
electrode RF2. The bias generated by the plasma was approximately 140-150 VDC. The next step was the 
main etch. A mixture of 19 sccm BCl3 and 6 sccm Cl2 were fed to the chamber at a setting of 25 W to RF1 
and 250 W to RF2. The bias induced in this step was approximately 117 VDC. Following this procedure, a 
short passivation step was performed to stop the etching. A five-minute 20 sccm O2 plasma at 50 W RF1, 
300 W RF2 was used for the passivation. The bias generated during this final step was approximately 180 
VDC. The approximate etch rate (ER) for this recipe was 0.11 μm/min. Although the overall etch rate was 
lower, this recipe appeared to produce a more uniform and consistent etched surface.  
Method 3:  This procedure was identical to method #2 except for the main etch component. According to 
this recipe, a mixture of 18 sccm BCl3 and 6 sccm Cl2 were fed to the chamber at a setting of 23 W to RF1 
and 250 W to RF2. The bias induced in this step was 120-122 VDC. The approximate etch rate (ER) for 
this recipe was also 0.11 μm/min. This recipe was useful in performing etches of longer duration since the 
increase in DC bias results in enhanced ion bombardment at the sample surface producing more aggressive 
and anisotropic etching. Caution, however, must be taken during a deep etching procedure to avoid 
photoresist erosion under these conditions. 
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Table 2.2 Etched Sample Characteristics 
Sample ID Pillar width, w (μm) 
Pillar depth, 
δ (μm) 
Aspect ratio
δ/w 
Etch Time 
(min) Method No. 
1 26.8 5.2 0.194 33 min 1 
2 25.2 15.7 0.623 99 min 1 
3 23.2 27.0 1.174 200 min 1 
4 13.42 13.32* 0.801 120 min 1 
5 14.91 7.85 0.526 90 min 2 
6 14.00 6.19 0.442 60 min 1 
7 10.40 22.00* 1.964 180 min 3 
8 16.05 4.97 0.310 65 min 2 
9      
Q1 19.92 6.887 0.346 60 min 1 
Q2 24.90 6.887 0.277 60 min 1 
Q3 38.00 6.887 0.181 60 min 1 
Q4 4.622 6.887 1.490 60 min 1 
10      
Q1 18.90 8.868 0.469 99 min 1 
Q2 23.00 8.868 0.386 99 min 1 
Q3 35.68 8.868 0.249 99 min 1 
Q4 3.640 8.868 2.436 99 min 1 
11      
Q1 18.30 10.217 0.558 90 min 2 
Q2 23.65 10.217 0.432 90 min 2 
Q3 36.93 10.217 0.277 90 min 2 
Q4 2.711 10.217 3.769 90 min 2 
12      
Q1 15.60 22.695 1.455 200 min 3 
Q2 19.60 22.695 1.158 200 min 3 
Q3 35.30 22.695 0.643 200 min 3 
Q4 - - - - - 
NOTE: * – indirect measurement 
 
Samples 4-12 were fabricated more than a year after samples 1-3. As a result, it is believed that the 
observed difference in the etch rate between method #1 and methods #2, 3 is probably due to the cleanliness of the 
chamber at the time of etching and/or small differences in the composition of the aluminum alloy (99.9% pure) from 
which the plates were made, and to a lesser degree, the ICP-RIE system parameters. Table 2.3 summarizes the effect 
that these system parameters have on the etching rate, surface uniformity, and degradation of the photoresist 
masking layer. Scanning electron microscope images of several of these surfaces are also included below in Figures 
2.6, through 2.9. It should be noted that surface marks originating from mechanical polishing can still be seen in 
these images; however, these surface scratches are significantly smaller than the etched surface features. Darker 
areas can also be seen inside the channels in some of these images. These areas correspond to residual photoresist 
that was not removed from the surface during the initial solvent rinse using acetone. (i.e. These samples have not yet 
undergone an ashing step in which a high-intensity oxygen plasma is used to strip organic material from the 
surface.)  
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Figure 2.6 SEM images of Sample 6 having an etch depth of approx. 6.2μm are shown. 
 
Figure 2.7 SEM images of Sample 1 with an etch depth of 5.2μm (shown on left) and Sample 3 with an etch 
depth of 27.0μm (shown on right) 
δ 
w 
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Figure 2.8 SEM images of Sample 9 having an etch depth of approx. 6.9μm are shown. The four images were all 
taken at a magnification of 500X and constitute images from each quadrant. 
    
Figure 2.9 Close-up images of the 5μm wide channels of Sample 9 Q4 
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Table 2.3 Qualitative effects of ICP-RIE parameters on etching 
Parameter Etch Rate Etch Quality Photoresist Erosion 
1. Substrate Temp  ↑ ↑ ↑↓ ↑↓ 
2. Chamber Press  ↑ ↑↓ ↓ ↑ 
3. BCl3 sccm  ↑ ↓ ↑ ↑ 
4. Cl2 sccm  ↑ ↑ ↓ ↑ 
5. RF1 Power  ↑ ↑ ↑↓ ↑ 
6. RF2 Power  ↑ ↑ ↑↓ ↑ 
 
Early attempts to etch polycrystalline aluminum were actually done using Al alloy 6061 (98% pure) instead of Al 
alloy 1100 (99.9% pure). Alloy 6061 was initially chosen because it could be purchased with a mirror-like finish, 
whereas alloy 1100 was only available in a mill finish and therefore required an extra preparatory step to polish the 
surface prior to cleanroom use. However, these initial efforts revealed that Al 6061 does not etch well by a dry 
chemical RIE process. For instance, following 200 minutes of plasma exposure, the etch depth of a typical Al 6061 
sample was only 2.9-3.0 μm, whereas for the same conditions, the etch depth of a typical Al 1100 sample was 27.0 
μm. Besides its resistance to dry chemical etching, Al 6061 also produced surface features that were less uniform in 
appearance. For these reasons, all subsequent etching was performed using Al 1100. Note: Typical milled fin stock 
has an average roughness of 0.25 to 0.75 μm and is often made from alloy 7071. Because alloy 7071 contains Cu, 
Mg, Mn, and Zn which are hydrophilic, the equilibrium contact angle on fin stock should be comparable to the 
contact angle on Al 1100.  
2.3 Measurements in a Composite-Surface Wetting Mode 
Information about the contact angle of water droplets injected onto these surfaces was obtained using a 
KAPPA DX 10-1394a high-resolution CCD camera. The camera was mounted opposite to a light source on an arm 
that could be rotated around a fixed plate containing the test surface and droplet. Two different configurations of the 
etched surface channel geometry relative to gravity were tested as shown in Figure 2.10. In the ‘parallel’ orientation, 
the etched channels were aligned parallel to gravity, whereas in the ‘perpendicular’ orientation, the channels were 
oriented orthogonal to gravity. The sample and water droplet were placed inside a vapor-tight, transparent box to 
minimize the effect of evaporation on droplet geometry during image acquisition. Droplets in the range from 5 μL 
to 25 μL were injected onto the test surface using a micro-syringe, and the contact angle was measured from droplet 
profiles for azimuthal angles of 0°, 90°, and 180°. Standard image analysis software was used to process the images 
and determine the contact angle and base dimensions of the droplet.  
Determination of the critical inclination angle for sliding on these surfaces was accomplished using a tilt-
table assembly with an extendable lever arm that permitted continuous inclination of the surface from horizontal. A 
droplet was placed on the test sample in the horizontal position using a micro-syringe, and the plate was then slowly 
tilted until imminent droplet motion was detected. A KAPPA DX 10-1394a high-resolution CCD camera was used 
to record profile images of the droplets from a location parallel to the base. This arrangement permitted optical 
droplet magnification of up to 25X. Prior to droplet injection, test images with grid marks were recorded for 
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calibration purposes. Multiple measurements were recorded for each droplet volume which permitted the critical 
inclination angle and related droplet diameter to be checked for consistency. The maximum uncertainty in the 
measured contact angle was usually 4°-5° while the uncertainty in the critical inclination angle was only 1°-2°. 
Typical uncertainty in drop diameter was 2-3% with the maximum uncertainty not exceeding 7%.  
 
gφ = 90°
φ = 0°
PARALLEL
φ = 0°
φ = 90°
g
PERPENDICULAR 
 
Figure 2.10 Two different contact angle measurement configurations were examined- one with channels oriented 
parallel to gravity (shown on left) and the other with channels oriented perpendicular to gravity (shown on right). 
2.4 Measurements in a Wetted-Surface Wetting Mode 
A platform equipped with a miniature testing chamber, shown in Figure 2.11, was built to test the samples 
under condensing conditions. A thermoelectric cooler was used to condense water on these samples at a fixed 
surface temperature of approximately 3-5 °C and relative humidity of 70% ± 3%. The humidity was measured using 
a capacitive thin-film sensor, and moisture was provided by a cool-mist ultrasonic humidifier. The surface 
temperature was measured using a single type-T thermocouple in intimate contact with the sample on its side. 
Droplets were condensed onto the aluminum sample for a predetermined amount of time with the platform in the 
horizontal position (i.e. α = 0°). Intermittently, a cotton swab was used to remove excess water from the surface to 
allow for the undisturbed growth of single isolated droplets. Once a droplet of sufficient size was grown, the sample 
was transferred to the tilt-table assembly where the critical inclination angle was determined. The volume of the 
droplet was found by absorbing the droplet in a high-density filter paper after the critical condition was reached and 
weighing it on a Mettler AE 200 electronic balance accurate to ± 0.0001g. This method was compared against the 
volume found by two other techniques- numerical integration of data obtained from droplet profile images and the 
actual extraction of the droplet into a micro-syringe. The agreement among the methods was found to be acceptable. 
Using this method, the average error was calculated to be 0.75 ± 0.30 μL with 95% confidence.  
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Figure 2.11 A Peltier stage was used to condense water on each sample within an enclosure. Individual droplets 
were permitted to grow and were then tested for their critical inclination angle. 
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Chapter 3. Results and Discussion 
3.1 Contact Angle Data 
Droplet images were collected at the point of incipient motion for each of the etched samples, and the 
images were then used to extract advancing and receding contact angles. These experiments showed that the 
wettability of an aluminum plate can be profoundly affected by the introduction of micro-scale anisotropic surface 
roughness. The apparent contact angles of water droplets injected on the etched surface were tens of degrees higher 
or lower than the apparent contact angles of droplets on the baseline surface. Initially, the etched surfaces were all 
very wetting and exhibited advancing contact angles less than 60° (see Figure 3.1). For comparison, the advancing 
contact angle of the polished, unetched baseline surface was 71°, while the advancing contact angle of an 
unpolished, unetched baseline surface was 85°. Shown below in Tables 3.1 & 3.2 are the advancing contact angles 
and receding contact angles, respectively, for a few of the samples exhibiting wetting behavior (where w refers to 
the channel width and δ refers to the channel depth). These angles represent average advancing and receding contact 
angles for the surface and were calculated using a sample size of n ≥ 24 in all cases.  
From the data presented in the tables, it can be seen that these etched surfaces are exhibiting a Wenzel 
mode of wetting, evidenced by the decrease in both the advancing and receding contact angles. For surfaces where 
δ/w < 0.65 (corresponding to either a shallow etch depth and/or a wide channel), the measured advancing contact 
angle was approximately the same, i.e. 52°-56°. For δ/w = 1.49, the advancing contact angle was 43.6°; while for 
δ/w = 2.12, the advancing contact angle was only 33.6°, or the most hydrophilic. It appears then that the advancing 
contact angle scales directly with the channel geometry. Deeper, narrower channels affect more change in surface 
wettability than shallower, wider channels. An accompanying consequence was the effect of the channel geometry 
on the contact angle hysteresis. When the droplet wets the surface as shown here, the contact angle hysteresis of the 
etched surfaces varied between 26° and 47° again scaling with the channel aspect ratio, δ/w. For δ/w < 0.65, the 
hysteresis was approx. 42-47°. Whereas for δ/w = 1.49, the hysteresis was 31°, and for δ/w = 2.12, the hysteresis 
was only 26°- again showing a distinctive trend in wettability related to the channel geometry. Interestingly, after 
prolonged environmental exposure, the surfaces began exhibiting a non-wetting behavior that was both 
homogeneous and robust. However, regardless of the wetting mode, both exhibited critical angles of inclination for 
sliding that were reduced as compared to the baseline surface. 
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Figure 3.1 Droplet images taken at the critical condition. The top row shows droplets on the baseline surface, and 
the lower rows show droplets on etched surfaces in the parallel orientation. In some cases, the droplets were 
photographed successively (approx. 0.5 sec apart) to show the onset of sliding. (i.e. t1 and t2). 
Table 3.1 Advancing Contact Angles for the Wenzel Mode of Wetting (parallel) 
 w/δ 
4.62/6.89 
w/δ 
14.0/6.2 
w/δ 
38.0/6.89 
w/δ 
10.4/22.0 
w/δ 
35.3/22.7 
n 28 28 28 24 25 
Min 36.2° 46.0° 43.2° 26.4° 49.1° 
Max 52.7° 67.5° 58.6° 42.1° 62.4° 
Avg 43.6° 56.0° 51.6° 33.6° 56.2° 
STD 4.50° 6.67° 4.43° 5.07° 3.49° 
Table 3.2 Receding Contact Angles for the Wenzel Mode of Wetting (parallel) 
 w/δ 
4.62/6.89 
w/δ 
14.0/6.2 
w/δ 
38.0/6.89 
w/δ 
10.4/22.0 
w/δ 
35.3/22.7 
n 28 28 28 24 25 
Min 9.6° 5.7° 6.7° 5.0° 5.9° 
Max 15.4° 18.8° 13.9° 11.4° 14.1° 
Avg 12.4° 11.8° 10.0° 7.8° 9.0° 
STD 1.42° 3.36° 2.29° 1.56° 2.07° 
 
When non-wetting behavior was manifest, the apparent contact angle of composite-surface water droplets 
placed on the etched samples by micro-syringe increased by as much as 54° as compared to the baseline surface (see 
Figure 3.2a and 3.2b) indicating an apparent increase in hydrophobicity. The contact angle of the baseline surface 
was 75°, while the contact angle of sample 3 in the parallel configuration was found to be approximately 129°. This 
w=10.4μm, 
δ=22.0μm @ t1 
w=10.4μm, 
δ=22.0μm @ t2 
w=14.0μm, 
δ=6.19μm 
w=4.62μm, 
δ=6.89μm 
Unpolished  
Baseline
 
Polished  
Baseline @ t1 
Polished  
Baseline @ t2
 
w=38μm, 
δ=6.89μm @ t1 
 
w=38μm, 
δ=6.89μm @ t2 
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change in wettability is best attributed to the discontinuities of the three-phase contact line and the pinning of the 
droplet by the groove structure. The regularly spaced grooves create a periodic change in the apparent surface 
energy encountered by the three-phase confluence as it moves perpendicular to the grooves. The increase in surface 
energy causes the contact line to be pinned at the edge of a groove until the groove can be bridged and the contact 
line advances in a stick-slip fashion. This pinning causes a preferential spreading parallel to the grooves. Droplet 
spreading is continuous in one direction but step-wise periodic in the other.  
In Figures 3.2c, 3.2d, and 3.2e, the advancing and receding contact angles are shown for 14 μL and 10 μL 
droplets on the baseline surface, sample 2 parallel, and sample 2 perpendicular, respectively. For the baseline 
surface, the measured advancing contact angle was 79°, while the receding contact angle was found to be 60°. For 
sample 2 in the parallel orientation, the advancing contact angle was 121°, and the receding contact angle was 84°. 
So in this particular case, sample 2 actually exhibited larger contact angle hysteresis than the baseline sample. 
Contact angle hysteresis is the absolute difference between the advancing and receding contact angles and is often 
used as a gauge of hydrophobicity (Öner and McCarthy, 2000; Chen, et al., 1999; Jopp, et al., 2004; Fürstner, et al., 
2005; and Dussan V and Chow, 1983). In this view, large contact angle hysteresis implies large critical inclination 
angles for sliding. Only a few papers have suggested otherwise (Extrand, 2004; Shirtcliffe, 2005; Krasovitski and 
Marmur, 2005). Therefore, one might expect sample 2 to have larger critical angles of inclination for sliding, αcritical, 
than those of the baseline surface. However, the opposite was found to be true. Sample 2 had a critical inclination 
angle of only 38° when in the parallel orientation, whereas the baseline surface had a critical inclination angle of 69° 
for a slightly larger droplet. This observation points to the importance of the contact line geometry and the profound 
effect that topography can have on the contact angle. In general, however, the etched samples exhibited smaller 
overall contact angle hysteresis than the baseline sample.  
It was also observed that larger critical angles of inclination were manifested by sample 2 in the 
perpendicular configuration as compared to the parallel configuration. For identical droplet  
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Figure 3.2 Droplet images on horizontal and inclined surfaces: (a) Baseline- θ = 75°; (b) Sample #3 (parallel, φ 
= 0°)- θ = 129°; (c) Baseline- θadv = 79°, θrec = 60°, αcritical = 69°; (d) Sample #2 (parallel)- θadv = 121°, θrec = 
84°, αcritical = 38°; and (e) Sample #2 (perpendicular)- θadv = 153°, θrec = 92°, αcritical = 55° 
volumes and similar receding contact angles, the advancing contact angle was more than 30° larger for sample 2 
when in the perpendicular orientation. This observation supports the idea that the etched channels act as energy 
barriers to spreading. 
Another item of interest was the observed change in wettability of the surfaces. As mentioned earlier, the 
etched surfaces exhibited wetting behavior upon removal from the cleanroom environment. (Note: The wetted 
droplet data shown in Tables 3.1 and 3.2 were collected during this period.) This wetting behavior persisted for a 
few months before gradually switching to the non-wetting behavior that is now currently observed. Various 
explanations for this change in wettability have been suggested including the possibility of a transient wetting period 
due to the applied oxygen plasma, incomplete removal of photoresist from the surface, oxide layer thickness 
differences, contamination from organic species in the environment, and/or the adsorption of low levels of volatile 
organic compounds (VOCs) onto the surface from a can of compressed gas used by a lab assistant. Each of these 
explanations will be discussed in detail; however, ultimately exposure of a surface to an oxygen plasma is found to 
raise its critical surface tension for wetting making the surface temporarily more hydrophilic. 
One explanation is that a monolayer of photoresist remained on the surface after cleaning. This photoresist 
which would have masked the surface during etching would not have undergone ultraviolet exposure (see Figure 
2.3). Therefore, it would be susceptible to photochemical cross-linking if the photoactive compounds (i.e. o-
naphthoquinonediazides) present in the Novolak-type resin of the photoresist absorbed sufficient levels of ultraviolet 
emissions from the fluorescent light bulbs in the laboratory. In fact, Pacansky and Lyerla (1979) showed that water 
is an essential reactant in this photochemical reaction that produces an indene carboxylic acid. Because this cross-
a b 
c d 
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linked product is exclusively base-soluble, it is also inert to most normal solvents making it difficult to remove. As 
explained in chapter 2, cleaning was performed by rinsing the surface thoroughly in acetone, wiping the surface with 
swabs soaked in acetone, and then subjecting the surface to a high-intensity oxygen plasma for a period not less than 
five minutes in a process designed to strip organic matter from a surface. After this rigorous process, the samples 
were examined using both an optical light microscope and a scanning electron microscope to check for cleanliness. 
Care was taken both when cleaning and handling these etched samples to avoid accidental contamination. So 
although it is not likely, it is possible that some photoresist may have remained on the surface after cleaning. This 
photoresist then, after being exposed to water and ultraviolet light, may have photochemically decomposed into a 
product possessing entirely different wettability characteristics. In order to examine this possibility, a polished 
baseline surface was spin-coated with AZ 4620 photoresist for 30 sec at 2000 rpm and soft-baked in the usual 
manner. The left-hand side of the surface was then exposed to UV radiation for a period of 60 seconds, while the 
right-hand side was completely shielded by a chrome mask. After exposure, the surface was hard-baked in the usual 
manner, and its wettability tested. Shown below in Figure 3.3 are images of water droplets placed side-by-side on 
these two halves. (NOTE: The photoresist layer is still present on the sample.) A few observations can be made from 
these images. First, the exposure of the photoresist to UV radiation did not affect its overall wettability. Second, the 
photoresist layer in both cases (i.e. exposed and unexposed to UV radiation) exhibited apparent contact angles less 
than 90°. Therefore, even if a monolayer of photoresist was retained on the surface after cleaning, it does not explain 
the mechanism behind the observed change in wettability. 
 
Figure 3.3 The wettability of a photoresist film deposited on aluminum was unchanged following UV exposure. 
To definitively answer this question, the advancing and receding contact angles of a polished baseline 
surface were measured before and after processing the sample with photoresist. In this experiment, AZ4620 
photoresist was spin-coated onto the surface, soft-baked, exposed, hard-baked, developed, and cleaned in the usual 
manner minus the etching steps. The advancing and receding contact angles were then measured again and 
compared to their pre-processing values. As shown in Tables 3.3 and 3.4, a negligible effect on the overall 
wettability of the surface was observed. Before depositing photoresist on the surface, the advancing contact angle of 
the polished baseline surface was 71.5°. After the surface was processed and cleaned, the advancing contact angle 
was found to be 69.0°—a deviation within the experimental uncertainty. This observation led to the conclusion that 
Exposed to 
UV light Masked 
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processing the surface with photoresist does not significantly affect the overall surface chemistry of the aluminum 
plate. Thus, although trace residual photoresist may be present on the surface, it is not responsible for the observed 
changes in surface wettability. 
Table 3.3 Polished Baseline θadv Data 
 Baseline 
(no PR) 
Baseline 
(processed) 
n 32 32 
Min 66.8° 61.4° 
Max 76.5° 76.2° 
Avg 71.5° 69.0° 
STD 2.76° 4.71° 
Table 3.4 Polished Baseline θrec Data 
 Baseline 
(no PR) 
Baseline 
(processed) 
n 32 32 
Min 18.3° 17.6° 
Max 24.0° 22.7° 
Avg 20.9° 19.8° 
STD 1.41° 1.21° 
 
Differences in oxide layer thickness were also suggested as an explanation for the observed change in 
wettability. To examine the legitimacy of this idea, X-ray photoelectron spectroscopy (XPS) was performed on 
representative surface samples. These results suggested (albeit somewhat inconclusively) that differences in oxide 
thickness were probably not responsible. The XPS data did reveal the presence of small amounts of carbon on the 
surface. However, this carbon was found to be present on both the wetting surface and the non-wetting surface. 
Unfortunately, XPS data cannot differentiate between the different types of carbon bonds. It can only prove the 
existence of carbon on a surface, so the carbon could be due to the acetone used to clean the surfaces or even carbon 
dioxide. The only other processing steps that introduced a chemical species to the surface would have been 
innocuous: (1) AZ developer was used to remove cross-linked photoresist, (2) distilled water was used for injecting 
droplets on the surface, and (3) nitrogen gas was used to dry the surface. Small quantities of difluoroethane, a 
volatile organic compound used as an aerosol propellant in cans of compressed gas, may have also come in contact 
with the surface. However, difluoroethane is extremely volatile and boils at room temperature so the likelihood of its 
permanence on the surface is doubtful. Moreover, only a few of the non-wetting surfaces were ever potentially 
exposed. XPS testing later confirmed that fluorine was either undetectable on the surface or present in such small 
quantities as to be immaterial.  
It was finally conjectured and is now believed that the exposure of these surfaces to an oxygen plasma at 
the end of the etching process was chiefly responsible for the initial wetting behavior of the surface. A paper by 
Yamamoto et al. (1992) corroborates this idea. Yamamoto and coworkers studied the critical surface tension (CST) 
of three different substrates (bare aluminum, polyurethane, and photoresist film on silicon) before and after various 
plasma exposures. (NOTE: The CST represents the highest surface tension that a liquid can have and still 
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completely wet the surface.) They observed that the CST of untreated bare aluminum was 37 dynes/cm, while the 
CST of the aluminum following both a 10 and 20-minute exposure to plasma treatment with air was 46 dynes/cm. 
Interestingly, the CST of the aluminum following a 10-minute oxygen plasma treatment was 50 dynes/cm— a 
change of approx. 35% over the untreated surface. This means that the wettability of the aluminum increased 
significantly following oxygen plasma treatment. Therefore, the initial wetting behavior observed for these surfaces 
may have been simply a consequence of exposing the surface to the oxygen plasma. According to this line of 
reasoning, the eventual weakening of these plasma-induced effects might result in a mode of wetting different from 
what was initially observed—even the non-wetting behavior that is now manifest. To test this idea, surfaces 
currently exhibiting non-wetting behavior were reintroduced into the ICP-RIE chamber and exposed to a separate 5-
minute oxygen plasma step. Following this treatment, the surfaces exhibited complete wetting again which supports 
the idea that oxygen plasma exposure raises the CST of a surface making it more likely to wet. It is possible, 
however, that these changes in wettability also occurred (at least in part) due to the adsorption of small quantities of 
environmental contaminants over time—a theory which is supported by the existence of carbon on the baseline 
surface as well as the etched surfaces. Interestingly, the spectroscopy data provided in the article by Yamamoto et al. 
(1992) for their bare aluminum sample also contained a carbon peak—something which they attributed to CO2 in the 
air.  
When comparing the droplet contact angles measured on the etched surfaces to that predicted using either 
the Wenzel or Cassie model for wetting, it is important to point out that the true local equilibrium contact angle (i.e. 
θe) of these chemically etched surfaces is difficult to accurately know due to the introduction of nano-scale 
roughness on the land regions during the etching process (as shown in Figure 3.4). The baseline data in Table 3.3 
and 3.4 were collected on mechanically polished aluminum surfaces which had not undergone plasma etching so 
using the equilibrium contact angle of these surfaces in the Wenzel and Cassie models may not be completely 
accurate since the functionalized surfaces have undergone plasma etching which may affect the equilibrium contact 
angle. In fact, prior to the mechanical polishing process, the baseline aluminum plate possessed a significantly 
higher advancing contact angle than it does now (i.e. θadv = 85.3°). A few droplets even had advancing contact 
angles that were greater than 90°. These baseline data are summarized in Table 3.5. Although the actual equilibrium 
contact angle on these Al surfaces is difficult to know, it should lie between 70° and 90°. Therefore, it is possible 
that both modes of wetting (i.e. Wenzel and Cassie-Baxter) could occur on these surfaces at different times 
depending on the droplet deposition technique, amount of nano-scale roughness, level of oxidation, surface 
contamination, etc. 
Table 3.5 Unpolished Baseline Contact Angle Data 
 Advancing CA 
θadv 
Receding CA 
θrec 
n 15 15 
Min 80° 40° 
Max 92° 54° 
Avg 85.3° 45.3° 
STD 4.33° 4.32° 
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Figure 3.4 SEM images of Sample 12 revealed localized pitting of the surface which has the effect of raising the 
equilibrium contact angle (i.e. θe) of the surface. 
Shown below in Figure 3.5 is a plot of the theoretically predicted apparent contact angle (i.e. θ/ ) using the 
Wenzel model of wetting for θe < 90° and the Cassie-Baxter model for θe > 90°. In the figure, the shaded region 
corresponds to the range of experimentally observed contact angles for the baseline samples. For the etched samples 
studied, the value of ϕ ranged from 1.17 (Sample 9 Q3) to 1.73 (Sample 7) when in the Wenzel mode of wetting and 
from approximately 0.35 (Sample 7) to 0.50 (Sample 9 Q1) when in the Cassie-Baxter mode of wetting. 
Surprisingly, these simple models predict the apparent contact angles on the micro-etched surface fairly well. For 
example, using the Wenzel model and a baseline advancing contact angle of 70°, Equation 2.2 predicts that Sample 
12 Q3 (i.e. r = 1.57) should have an advancing contact angle of 57.6°. The experimentally determined advancing 
contact angle of Sample 12 Q3 operating in this mode was 56.2°. For Sample 7, the Wenzel definition for r is 2.47 
which corresponds to a predicted advancing contact angle of 32.5°. The observed advancing contact angle for 
Sample 7 operating in this mode was 33.6°. 
When the Cassie-Baxter definition for ϕ shown in Equation 2.3 is used, Sample 2 has a ϕ value of 0.42, and 
the model predicts an advancing contact angle of 125.5° for a baseline advancing contact angle of 90°—the 
minimum allowable contact angle for the Cassie-Baxter model to apply. Although the observed advancing contact 
angle for Sample 2 was 115.1°, the predicted value is reasonable since the Cassie-Baxter model assumes a perfectly 
non-wetting surface and Sample 2 only exhibited partially non-wetting behavior. These illustrative examples are 
shown below in Figure 3.5. 
 33
 
0
20
40
60
80
100
120
140
160
180
0 20 40 60 80 100 120 140 160 180
θ /
θ
e
ϕ=0.2
ϕ=0.4
ϕ=0.6
ϕ=0.8
r=2.0
r=1.6
r=1.8
r=1.4
r=1.2
ϕ=1.0
 
Figure 3.5 Plot of the apparent contact angle predicted for a given equilibrium contact angle and surface 
roughness factor using the Wenzel and Cassie-Baxter models of wetting 
3.2 Modeling the Critical Droplet for Sliding  
The so-called critical droplet refers to a droplet large enough that the surface tension retaining force is 
equal to the gravitational drainage—such a drop is at the point of incipient motion. Understanding the shape and size 
of the critical droplet is the key to understanding the mechanisms of droplet retention on a surface. Perhaps more 
importantly, being able to accurately predict the critical droplet size for sliding on a given surface of given 
inclination is essential to knowing the amount of water that will be retained on that surface. Therefore, models 
which can predict critical droplet characteristics represent important design tools and are useful in applications 
where simultaneous heat and mass transfer occur. Modeling the critical droplet is accomplished by applying a force 
balance that solves for the droplet volume, V, by equating the gravitational body force in the x-direction (see Fig. 
3.6),  
αρ    sinVgFgx −= , (3.1) 
with the surface tension retaining force in the x-direction, 
( )∫ +−= π φωφθζγ 20sx dcoscos2F           ,  (3.2) 
where α is the surface inclination angle, ζ  is the distance from the droplet center to the contact line (local radius), θ  
is the apparent contact angle, φ is the azimuthal angle, and ω is the angle between the local radius and the surface 
normal to the contact line as shown in Figure 3.6. From this model, it is apparent that a description of how the local 
radius and contact angle vary with the azimuthal angle will be needed. It is also clear that being able to accurately 
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calculate the droplet volume and the effect that the contact-line geometry has on the surface tension force will be 
important in predicting critical droplet size on the etched surfaces.   
Early data demonstrated that the critical droplet size for sliding of the etched samples was reduced as 
compared to the baseline specimen. This discovery suggested that the etched surfaces may actually reduce the 
retentive force and therefore be better for water removal. The critical droplet diameter for sliding defined such that 
Dc = 2L is plotted in Figure 3.7 for both the baseline specimen and sample 2 (δ =15.7μm) and compared to the force 
balance model of El Sherbini and Jacobi (2004), developed for conventional (flat) surfaces. Qualitatively, excellent 
agreement was achieved between the model and experiment for the baseline data; however, poor agreement was 
found for the etched surface. This result prompted efforts to extend the model to make it appropriate for the etched 
surfaces. 
In order to properly model critical drop parameters on the etched surfaces, several modifications to the 
model proposed by El Sherbini and Jacobi (2004) were implemented. These extensions included characterizing how 
the contact angle varies around the base of the droplet, relating the minimum and advancing contact angles, and 
describing how the aspect ratio varies with Bond number for droplets on micro-grooved surfaces. Finally, new 
modeling was needed to capture how the discontinuity of the three-phase contact line affects the base contour shape 
and surface tension force. Each of these modifications will be described below in more detail.  
 
Figure 3.6 Explanation of the individual terms present in the surface tension equation 
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Figure 3.7 The maximum droplet diameter needed for sliding was reduced by approximately 50% for Sample 2.  
3.3 Model Modifications for the Wetted-Surface Wetting Mode 
3.3.1 Bond Number Definition  
The overarching goal of this part of the work was to develop a robust and well-tested model that could be 
used in predicting the critical droplet size for sliding on a micro-grooved surface. To do so using the force-balance 
approach, it was necessary to relate the droplet aspect ratio and minimum contact angle ratio to the Bond number 
and channel geometry. The droplet aspect ratio β is defined as L/w where L and w represent the semi-major and 
semi-minor axes, respectively. Because droplet elongation is often accompanied by an increase in the surface 
tension and body forces of the droplet, relating β to the Bond number seemed appropriate. By convention, the Bond 
number represents a non-dimensional ratio of the gravitational force to the surface tension force. The definition used 
by El Sherbini and Jacobi (2004) was 
γ
αρ= sin
2
1
eqgDBo   (3.3) 
where Deq = Lw4  refers to the equivalent diameter of the droplet, α is the surface inclination angle, and γ is the 
surface tension. This definition, originally derived for spherical droplets, should be appropriate for nearly spherical 
droplets. However, the characteristic length, Deq, used in this definition may not be the best choice for highly 
elongated droplets such as those observed on the etched samples. Another possible definition is 
γ
αρ= sin
32
2
gVBo  (3.4) 
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where V refers to the droplet volume. This definition, however, also assumes that the retained water droplets are 
nearly spherical since V 1/3 is taken to represent the circumference. Another candidate definition for the Bond 
number, which perhaps better represents a ratio of the gravitational and surface tension forces, is 
C
gVBo ⋅γ
αρ= sin3  (3.5) 
where C is the circumference of the droplet. However, both of these last two approaches assume a priori that the 
droplet volume is known (or can be accurately calculated) and therefore require a double-iterative technique for 
calculating the critical droplet volume for sliding (i.e. guess a V/C value, calculate Bo3 to determine β, guess the 
value of ‘L’ to determine ‘w’ using β, solve for V and C, and iterate the ‘L’ value until the V/C ratio is satisfied. 
Once the V/C ratio is satisfied, check to see if V=Vc. If not, iterate the V/C ratio until the critical droplet condition is 
reached.) For water droplets with an elliptical base contour shape, the circumference was calculated using an 
elliptical integral of the second type, 
∫ += 20 2222 d)cosLsinw4C π φφφ   (  (3.6) 
where φ is the azimuthal angle and L and w represent the semi-major and semi-minor axes, respectively. The base 
area occupied by the droplet was calculated according to the formula, 
( ) ( )∫∫ == 20 220 2 d2d21SA ππ φφζφφζ        (3.7) 
where ζ is the local radius and ½⋅ζ 2⋅ dφ  is the expression for the area of a sector. The volume can be calculated 
using a newly developed ‘extrusion method’ for elongated droplets (see Appendix A), the two-circle method 
developed by El Sherbini and Jacobi (2004), or any other appropriate integration-based method.  
The calculated base area and circumference of more than 115 droplets are shown below in Figures 3.8 – 
3.11, plotted against Bond number, for the three different definitions of the Bond number. All of these droplets were 
placed on the surfaces using a micro-syringe. A few observations can be made from these plots. First, some of the 
scatter observed in these plots is due to the fact that a large range of droplet volumes were tested as well as multiple 
surfaces each having a unique channel geometry. The data were compiled and plotted to examine overall trends. In 
Figures 3.8 and 3.9, an increase in base area and circumference can be observed with increasing Bo1; whereas in 
Figure 3.11, the opposite trend is observed—decreasing circumference with increasing Bo3. According to the Bo3 
definition, for a given droplet volume and surface inclination angle, the Bond number will only depend upon the 
droplet circumference which in turn depends on the examined surface and its underlying microstructure. Wide, 
shallow grooves tend to produce droplets having a smaller circumference, while narrow, deep grooves tend to 
produce droplets having a larger circumference. In Figures 3.10 and 3.11, nine different sets or groupings of data are 
also visible which correspond to different droplet volumes injected onto the surface and/or different inclination 
angles of the surface. Changes in circumference within these sets are due to different examined surfaces (and 
therefore different channel geometries). 
Another important observation drawn from these plots is that the droplet data were confined to a very small 
Bond number range when Bo2 and Bo3 were used and did not always exhibit clear and consistent trends (as seen in 
Figure 3.10). Because the data were confined to such a narrow parameter space, correlations based on these 
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definitions of the Bond number would be more sensitive to error. Conversely, Bo1 spanned a large range of values 
and collapsed the data nicely—an observation that prompted the decision to continue using this definition as had 
been done previously by El Sherbini and Jacobi (2004). Unless otherwise indicated, this definition for the Bond 
number (i.e. Bo1) will be used hereafter with no subscript. 
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Figure 3.8 Plot of droplet surface area versus Bo for Bond number definition #1 
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Figure 3.9 Plot of droplet circumference versus Bo for Bond number definition #1 
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Figure 3.10 Plot of droplet circumference versus Bo for Bond number definition #2 
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Figure 3.11 Plot of droplet circumference versus Bo for Bond number definition #3 
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3.3.2 Contact Angle Variation  
For conventional fin-stock surfaces such as the baseline surface, El Sherbini and Jacobi (2004) had found 
that the contact angle varied from the advancing to the trailing edge of the droplet according to the following 
equation: 
max
minmaxminmax coscoscoscoscoscos θφπ
θθφπ
θθθ +−−−= 2233 32  (3.8) 
where, in this definition, θmax refers to the apparent contact angle at φ = 0° and θmin refers to the apparent contact 
angle at φ = 180°. However, for the etched surfaces, this model was found to be inadequate because with micro-
grooves the contact line is ‘pinned’ on the sides, and the droplet is confined between channels. These channels cause 
the maximum apparent contact angle to occur at φ = 90° instead of at φ = 0°. This interesting phenomenon (shown 
below in both Figures 3.12 and 3.13) was observed at various angles of surface inclination as well as for various 
droplet volumes. In Figure 3.12, the azimuthal variation of the contact angle is shown for a water droplet condensed 
on Sample 2 at an inclination angle of 50°. The maximum observed contact angle for this droplet occurred at a 
location along the side of the droplet (i.e. φ = 90°) and was approximately 43.9°. In contrast, the contact angle 
observed at the advancing front was only 34.6°. In Figure 3.13, images of a condensed droplet on Sample 2 are 
shown which reveal the apparent contact angle along the sides of the droplet (left image) and at the front and back of 
the droplet (right image). Although the surface is horizontal in these images, it is still apparent that the contact angle 
is larger at φ = 90° than at φ = 0° or 180°. Therefore, a new model was developed to predict this unusual behavior of 
the contact angle; after some trial and error, the following form was adopted: 
43
2
2
3
1 CcosCcosCcosCcos +++= φφφθ  (3.9) 
subjected to the following constraints: 
advcoscos θ=θ =φ  0 , (3.10a) 
maxcoscos θ=θ π=φ  2 , (3.10b) 
reccoscos θ=θ π=φ  , and (3.10c) 
( ) ( ) ( ) 0   
2
0
=φ
θ=φ
θ=φ
θ
π=φπ=φ=φ d
cosd
d
cosd
d
cosd
. (3.10d) 
The resulting model which predicts the contact angle on these etched surfaces is 
max
2maxrecadv3recadv coscos
2
cos2coscoscos
2
coscoscos θφθθθφθθθ +⎟⎠
⎞⎜⎝
⎛ −++⎟⎠
⎞⎜⎝
⎛ −=  (3.11) 
where, in this definition, θmax refers to the apparent contact angle at φ = 90°. 
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Figure 3.12 Azimuthal contact angle variation for a condensed 3μL droplet, α=50° on Sample 2 
  
Figure 3.13 Images of a 13.5μL condensed droplet, α=0° on Sample 2. The image on the left shows the droplet 
contact angles at φ = 90° which are larger than the contact angles on the right, where φ = 0°. 
It should be noted that droplet images were taken at up to eleven different azimuthal locations around the base of the 
droplet (i.e. φ = 0°, 15°, 30°, 60°, 75°, 90°, 105°, 120°, 150°, 165°, and 180°) as shown in Figure 3.12. Because 
droplets on these surfaces were highly elongated, it was necessary to correct the azimuthal angle according to,  
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where φc represents the corrected azimuthal angle as outlined by El Sherbini and Jacobi (2004). The reason for this 
correction is depicted in Figure 3.14 where, because of the elongated droplet shape, the camera records the apparent 
contact angle, θ, at location ‘c’ and ‘d’ instead of ‘a’ and ‘b’ as intended. This correction, of course, is only 
necessary for azimuthal locations φ = 15°, 30°, 60°, 75°, 105°, 120°, 150°, and 165°. Unless otherwise stated, all 
data shown represent corrected azimuthal angles.  
 
 
Figure 3.14 Schematic showing the need for the azimuthal angle correction for elongated droplets (El Sherbini 
and Jacobi, 2004) 
3.3.3 Droplet Aspect Ratio 
In the model of El Sherbini and Jacobi (2004), droplet aspect ratio and contact angle hysteresis are related 
to the Bond number. In order to extend that model to these new surfaces, it was necessary to explore whether the 
relationships developed for conventional surfaces extended to the micro-grooved surfaces. The aspect ratio was 
determined by measuring the major and minor axes of the droplet base at φ = 0° and φ = 90°. Because the apparent 
contact angle was sometimes greater than 90°, side profile images of the droplet were used in lieu of frontal images. 
As shown in Figure 3.15, the presence of micro-grooves on the surface tends to elongate the droplet even for 
inclination angles of zero. Because the droplet was injected onto the surface, the spreading process could be 
observed visually, and in almost all cases, the droplet was observed to advance parallel to the channels rather than 
across them. This directional spreading due to droplet pinning is believed to be the main reason for the scatter in the 
data and the why the aspect ratio appears to be more sensitive to deposition method than for a conventional surface. 
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Figure 3.15 The aspect ratio of injected droplets wetting the surface was much greater than one. 
Next, various models for relating the Bond number and channel geometry to the observed droplet aspect ratio were 
examined; each was based on a least-squared-error approach. A database was compiled of experimentally 
determined aspect ratios for water droplets injected by syringe onto six different etched samples at three angles of 
inclination. Prior to deciding upon a final model, however, several different functional forms were explored. As a 
starting point, the following equation forms were adopted,  
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where δ is the channel depth and w is the channel width. This form, however, required the introduction of a constant 
to avoid β = 0 at Bo = 0. In this case, 1.4 was chosen because it represented the lower limit of experimentally 
observed aspect ratios. Another flaw in representing the physics was that as δ → 0, the aspect ratio equals a constant 
and does not change with the inclination angle, α. Abandoning this form, a linear model was examined next:  
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and 
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These two forms had similar predictive accuracy, but both assumed that the channel geometry only affects the y-
intercept of the data, not the slope. As shown in Figure 3.15, however, the channel geometry affects both the y-
intercept and the slope of the data. As the channel width decreases, the slope of the data increases, and as the depth 
of the channel increases, the y-intercept increases. In order to account for this dependence, a hybrid form was 
adopted as follows: 
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where the exponent ½ on the last term is somewhat arbitrary but is intended to lessen the weight of δ/w in the 
expression since 0.18 < δ/w < 2.12 for these tested surfaces. As a result, 0.42 < (δ/w)½ < 1.46. This functional form, 
however, does not reduce to the correlation developed by El Sherbini and Jacobi (2004) for an isotropic, smooth 
surface. Therefore, a model was developed which reduces to the one developed by El Sherbini and Jacobi (2004) for 
flat surfaces, namely,  
Bo096.00.1 +≈β  ,  (3.18) 
valid for the case where δ → 0. The final form of this model is 
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where C1 = 1.38, x = 0.253, and y = 0.498. For 70% of the data (n = 262) the experimental measurement is within 
15% of that given by Equation (3.19); 88% of the data fall with 20%, as shown below in Figure 3.16. Moreover, this 
model reduces to that valid for a flat surface as the groove depth vanishes, and it capture the trends in the data of 
Figure 3.15. 
 44
0.0
0.50
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
β pr
ed
ic
tio
n
β
experimental
 
Figure 3.16 A comparison of the experimental data to the aspect ratio predicted by Eq. 3.19. 
3.3.4 Bond Number Effect on Minimum Contact Angle Ratio 
Similarly, the ratio of the minimum contact angle to the advancing contact angle was found using profile 
images of the droplet at φ = 90°. The reported contact angles used in determining this ratio represented an average of 
at least four separate measurements for each droplet. These data are plotted below in Figure 3.17. It is important to 
note that on the micro-grooved surfaces the maximum contact angle typically occurs at φ = 90°, unlike a 
conventional surface where θmax approximately equals θadv. It also believed that the slope of this curve will increase 
sharply as Bo→ 0, since θmin should approximately equal θadv for an inclination angle of zero. A reasonable fit to 
these data is provided by the following equation, with the form modeled after that of El Sherbini and Jacobi (2004): 
808.0Bo260.0
adv
min +−=θ
θ
 (3.20) 
where θadv is the apparent advancing contact angle of the surface. The r2-value for this fit was 0.84. Figure 3.17 
shows the variation of θmin / θadv with the Bond number for five different etched surfaces experiencing the Wenzel 
mode of wetting. The minimum angle θmin is observed to decrease with increasing Bond number. Therefore, the 
minimum contact angle decreases with increasing inclination angle and increasing droplet diameter. Because 
droplets on these surfaces are highly elongated, droplet diameters are larger, and the θmin / θadv ratio decreases much 
more rapidly than it does for the conventional surface which is represented by the solid black line in Figure 3.17. 
Other researchers have also observed this linear relationship between the minimum contact angle and the Bond 
number. The numerical work of Milinazzo and Shinbrot (1988) is one such example. Although it is not altogether 
+15%
-15% 
+20%
-20% 
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obvious, it is interesting that the behavior of the θmin / θadv ratio is approximately the same for all five of the surfaces 
that were examined. It is also interesting to note that both the baseline surface and the etched surfaces possessed θmin 
/ θadv ratios that were lower than what was predicted using the equation developed El Sherbini and Jacobi (2004). 
0
0.2
0.4
0.6
0.8
1
1.2
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
w 4.62 δ 6.89
w 38.0 δ 6.89
w 14.0 δ 6.19
w 10.4 δ 22.0
w 35.3 δ 22.7
correlation
θ m
in
 / 
θ ad
v
Bo
El Sherbini and 
Jacobi (2004)
 
Figure 3.17 The minimum contact angle ratio varied linearly with the Bond number and followed approximately 
the same relationship for all examined surfaces.  
3.3.5 Droplet Base Contour Shape 
A revised description of the droplet base contour and the discontinuity of the contact line are needed. The 
impetus for this arises from the fact that the shape and discontinuities of the contact line can, in some cases, play a 
more significant role in determining surface ultralyophobicity than the contact angle hysteresis alone as shown in 
Section 3.1. When modeling the base contour shape of water droplets, most researchers have selected an ellipse. 
Although this choice proves adequate for droplets on conventional surfaces, it does not work well on micro-grooved 
surfaces. Instead, a parallel-sided droplet model was found to fit the data better. This shape is supported by the work 
of Chen, et al. (2005), who used a cubic equation instead of an elliptical equation to obtain a better fit for droplets on 
surfaces with parallel grooves. Their approach was eventually adopted for modeling the base contour shape; 
however, the form of the equation shown here is slightly different from the one originally presented by Chen, et al. 
It has been rewritten in terms of the local radius ζ to make it easier to implement in a numerical model. Prior to its 
adoption, however, other cubic forms were also examined and tested against given constraints on droplet shape—
namely, the length of the major and minor axis of the droplet and the curvature of the advancing and receding fronts. 
One such form was 
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( ) 432231      aaaa +++= φφφφζ  (3.21) 
which when subjected to the following geometrical constraints 
L==0φζ , (3.22a) 
w== 2πφζ , (3.22b) 
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yields the following equation for base contour shape  
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where ζ is the base radius, a function of the azimuthal angle, φ. Although it is not truly parallel on its sides, this 
droplet shape is ‘flatter’ than an ellipse and therefore was thought to be a more accurate representation of the actual 
shape, as demonstrated in Figure 3.18, where the model adopted by Chen, et al. (2005) for describing the droplet 
radius, 
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is shown along with the elliptical base contour shape given by 
( )
   φβφ
φζ
222 sincos
L
+
=  (3.25) 
This equation (Eq. 3.23), however, is not universally robust and should only be used for mildly elongated droplets 
(i.e. β < 1.75). For large β values, anomalous side curvature is produced resulting in a “bone-shaped” droplet. For 
this reason, the cubic form (Eq. 3.24) assumed by Chen, et al. (2005) was finally chosen to represent the base 
contour shape of droplets on the micro-grooved surface. In Figure 3.19, the application of Eq. 3.24 to two different 
droplets is shown. The ability of the model to capture both the droplet’s dimensions and its degree of elongation is 
clearly seen. It should also be noted that this cubic form preserves the parallel-sided nature of the droplet. 
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Figure 3.18 A comparison of different base contour shapes for a droplet where L = 2.5mm and β = 1.5 
 
Figure 3.19 Application of Eq. 3.24 to two different condensed droplets: β = 1.68 (left) and β = 2.38 (right) 
3.3.6 Channel Wetting Effect on the Contact Line 
Finally, the effect of channel wetting on the contact line was considered. Because the droplet fills the 
micro-grooves in the Wenzel mode of wetting, the contact line includes the length of the side walls and therefore is 
longer than what would be calculated using the droplet perimeter alone. In order to account for these contact line 
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effects, an additional corrective term λ was added to the equation for finding the surface tension force that was a 
function of L and β. To a first approximation, 
( )∫ +−= π φωφθζλγ  0       2 dcoscosFsx  where (3.26) 
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and the integration involving ζ actual  yields a circumference that accounts for the wetting of the channel side walls, 
and the integration involving ζ apparent yields the customary droplet perimeter. The final term, cos (φ+ω), corrects for 
the fact that the droplet radius ζ is not orthogonal to the tangent line on the surface at the point of contact angle 
measurement. 
It is important to note that λ is not regarded as an independent tuning parameter. Rather, it depends directly 
upon the channel geometry and base contour shape and represents the perimeter fraction of the “discontinuous” 
droplet shape (i.e. conformal representation) over the continuous droplet shape (i.e. planform representation) as 
shown rather simplistically in Figure 3.20. In the case of a parallel-sided base contour shape, the value of λ is 
smaller than the value attained using an elliptical base contour shape because the underlying micro-groove geometry 
intersects the contact line fewer times. Admittedly, this representation of the geometric contact line discontinuity 
through λ in Eqs. (3.26) and (3.27) is a simplification, because the force vector may not project into the x direction 
on the groove walls in the same manner as it does in the valley and on the plateau of the groove. However, without 
knowing the detailed geometry of the contact line in the grooves, this simplified approach is reasonable; moreover, 
experiments performed on multiple surfaces have demonstrated the robustness of this simplified approach. 
The value of λ for a few of the tested surfaces is shown below in Table 3.6. In order to compute λ for the 
parallel-sided base contour shape, a critical azimuthal angle φc was calculated based on the geometrical width, w, of 
the droplet as shown below in Figure 3.21. In this way,  
⎟⎠
⎞⎜⎝
⎛= − ζφ
wsin 1c  (3.28) 
where ζ is the local radius—a function of the width and the aspect ratio. The integration shown in Eq. (3.27) was 
performed numerically by tracing the contact line around the base of the water droplet and summing up all cases 
where the contact line wets the channel.  (NOTE: The curvature of the contact line within the channel was unknown 
and therefore neglected in this analysis, but its effect can be shown to be small.) When φc was reached, the contact 
line was considered thereafter to be continuous, and straight line segments were added to complete the integration.  
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Figure 3.20 An illustration of how λ is calculated for a surface-wetting droplet 
Table 3.6 Calculated Values of λ for Critical Wetting Droplets 
Inclination 
Angle, α 
 
 
w/δ 
4.62/6.89 
w/δ 
14.0/6.2 
w/δ 
38.0/6.89 
w/δ 
10.4/22.0 
w/δ 
35.3/22.7 
20° 
 
λ (PS) 
φc (PS) 
λ (ES) 
2.24 
58.0° 
2.52 
1.40 
56.9° 
1.49 
1.19 
53.4° 
1.21 
2.79 
45.5° 
3.31 
1.56 
43.0° 
1.67 
 
40° 
 
λ (PS) 
φc (PS) 
λ (ES) 
2.21 
54.4° 
2.50 
1.40 
53.4° 
1.48 
1.19 
50.2° 
1.21 
2.73 
42.0° 
3.22 
1.55 
39.72° 
1.64 
 
60° 
 
λ (PS) 
φc (PS) 
λ (ES) 
2.19 
52.5° 
2.49 
1.39 
51.6° 
1.47 
1.19 
49.1° 
1.20 
2.70 
40.3° 
3.18 
1.55 
38.1° 
1.63 
 
80° 
 
λ (PS) 
φc (PS) 
λ (ES) 
2.18 
51.9° 
2.48 
1.39 
50.6° 
1.47 
1.19 
48.2° 
1.20 
2.69 
39.5° 
3.17 
1.54 
36.9° 
1.63 
NOTE: PS = parallel-sided shape and ES = elliptical shape  
 
w
L
ζ φc
 
Figure 3.21 This illustration depicts the location of φc and its relationship to w and ζ. 
A few observations can be drawn from Table 3.6. First, the value of λ for the parallel-sided base contour 
shape ranged from 1.2 to 2.0 and was always lower than the λ arrived at using the elliptical base contour shape. 
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When the channel width was large and the depth small, the difference in λ values found using these two base 
contour shapes was small. For example, the λ value calculated for Sample 9 Q3 (w=38.0μm; δ=6.89μm) using an 
elliptical base contour shape was 1.20-1.21 depending on the surface inclination angle whereas the λ value 
calculated using the parallel-sided shape was 1.19-1.20. However, when the etched channels were narrow and/or 
deep, the difference between these two methods was more pronounced, suggesting that the chosen base contour 
shape can play a significant role when modeling the critical droplet. A second observation apparent from these data 
is the constancy of the λ value for the parallel-sided base contour shape over a large range of inclination angles. This 
constancy might be expected since droplet elongation on these surfaces occurs along the channels; therefore, as the 
droplet elongates, the overall effect on the contact line is simply to elongate the straight line segments of the droplet 
perimeter. Moreover, this constancy might suggest that the details of the contact line on the groove walls are 
constant or unimportant. In should be noted that the λ value decreased slightly with the inclination angle for the 
elliptical base contour shape.  
3.3.7 Model Verification 
Each of these proposed modifications—the azimuthal contact angle variation, the aspect ratio as a function 
of the Bond number and channel geometry, the minimum contact angle as a function of the Bond number, the base 
contour shape, and the contact line discontinuities—were undertaken to better characterize droplet geometry on a 
micro-grooved surface. These models were programmed into Engineering Equation Solver (EES) to provide a 
convenient means of calculating the critical droplet volume on a surface of known microchannel geometry. The 
inputs to the program are the surface inclination angle (α), advancing contact angle (θadv), contact angle at φ = 90° 
(θmax), channel geometry (δ, w), and mode of wetting. To specify the wetting mode, an integer value of ‘1’ is used to 
designate Wenzel wetting, and a value of ‘0’ is used to represent Cassie-Baxter wetting. The algorithm used by the 
program is relatively straightforward. (See Figure 3.22) Using an initial guess value of 0.1 mm for the equivalent 
droplet diameter, Deq, along with the aforementioned correlations for contact angle variation, aspect ratio, and base 
contour shape, the droplet volume is calculated using the two-circle method proposed by El Sherbini and Jacobi 
(2004). Next, the surface tension force is determined, and force balance equality is checked. If necessary, the 
equivalent droplet diameter is increased by 0.25 mm, and this simple iterative scheme is repeated until the 
gravitational force is found to be equal to or larger than the surface retentive force. (Note: Because θmin equals θrec at 
the critical point (i.e. incipient motion), θrec is set equal to θmin in the θ (φ) correlation.) Subprograms, modules, and 
procedures within the program were used to perform such tasks as computing the droplet volume, calculating the λ 
value used in Eq. 3.26, and checking for force balance equality. Constant liquid properties for water at 20°C were 
assumed (i.e. ρ = 1000 kg/m3 and γ = 72.8 mN/m) and defined as global variables within the program. However, in 
applications where temperature-dependent properties should be used, the surface tension of liquid water may be 
calculated using  
)( ττγ μ b1Bwater +=  (3.29) 
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where τ = 1 – T / Tc , T = temperature, Tc = 647.096 K, B = 235.8 mN/m, b = -0.625, and μ = 1.256. This 
interpolation formula developed by the International Association for the Properties of Water and Steam (IAPWS) is 
valid between the triple point and critical point of water. (Note: The complete program is provided in Appendix D.) 
  
Figure 3.22 A flowchart illustrating the EES algorithm and how it solves for the critical droplet volume. 
Representative results of applying this model to a few of these surfaces experiencing the Wenzel mode of 
wetting are shown below in Figures 3.23 - 3.26. Despite the large amount of scatter present in the data, the model 
captures the surface wetting behavior quite well. In most cases, the data supports the model, and the overall trends 
are well predicted. For example, in Figure 3.25 the model predicts the sudden increase in the critical inclination 
angle for droplet volumes less than 10 μL in size. Second, despite the large λ values shown in Table 3.6, the etched 
surfaces outperformed the baseline surface in all cases—outperformed in the sense that the grooved surfaces have 
smaller critical droplet sizes. This enhanced water shedding is best attributed to the highly elongated droplet shapes 
that were observed on these surfaces. Because the surface tension force in the x direction is equal to zero along the 
sides of a parallel-sided droplet, the overall retentive force is reduced relative to more rounded droplets occupying 
the same base area.  Third, it can be observed that the scatter in the data was less severe for those surfaces having a 
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deeper etch depth. The experimental results from these surfaces were consistently more repeatable than those taken 
from surfaces with a shallow etch depth. In fact, the surface with the smallest critical inclination angles was the one 
that had the largest channel aspect ratio, δ / w.  
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Figure 3.23 Experimental data and model prediction for Sample 6 
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Figure 3.24 Experimental data and model prediction for Sample 9 Q3 
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Figure 3.25 Experimental data and model prediction for Sample 7 
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Figure 3.26 Experimental data and model prediction for Sample 12 Q3 
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3.4 Model Modifications for the Composite-Surface Wetting Mode 
3.4.1 Contact Angle Variation  
In the case of non-wetting droplets, the variation in apparent contact angle was even more pronounced than 
for droplets in the Wenzel wetting mode. Because the droplet rests on top of the channels in this mode of wetting, 
the micro-grooves constitute regular gaps in the surface which impede the droplet from expanding in the transverse 
direction. In this way, these channels serve as periodic energy barriers to droplet spreading and create preferential 
directions for the water droplet to move. Once again, the maximum contact angle occurred at φ = π/2 instead of at φ 
= 0 as might be expected for a conventional surface. Shown below in Figures 3.27 through 3.30 are contact angle 
data collected on Sample 2 for various droplet volumes at various angles of surface inclination. Also shown in these 
figures is the newly developed model for azimuthal contact angle variation, 
max
maxrecadvrecadv θ+φ⎟⎟⎠
⎞
⎜⎜⎝
⎛ θ−θ+θ+φ⎟⎟⎠
⎞
⎜⎜⎝
⎛ θ−θ=θ coscos
2
cos2coscos
cos
2
coscos
cos 23 (3.30) 
where θmax refers to the apparent contact angle at φ = 90°, which yielded favorable agreement with the collected 
data. 
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Figure 3.27 Azimuthal contact angle variation for a 10μL droplet, α=90° on Sample 2 
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Figure 3.28 Azimuthal contact angle variation for a 15μL droplet, α=60° on Sample 2 
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Figure 3.29 Azimuthal contact angle variation for a 10μL droplet, α=30° on Sample 2 
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Figure 3.30 Azimuthal contact angle variation for a 30μL droplet, α=45° on Sample 2 
3.4.2 Droplet Aspect Ratio  
The aspect ratio of non-wetting water droplets injected onto these surfaces by a micro-syringe has also been 
examined, and it was found that droplet elongation is slightly reduced as compared to the previous case where the 
droplets wetted the surface. This might be expected due to the lack of channel wetting. A least-squares regression 
was performed to derive a correlation for predicting the droplet aspect ratio as a function of both the channel 
geometry and Bond number when operating in this mode. The resulting expression from this regression analysis 
which may be applied to droplets that do not (or, nearly do not) wet the surface was: 
0.297
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As before, this functional form reduces to the empirical correlation developed by El Sherbini and Jacobi (2004) for a 
homogeneously smooth surface,  
Bo096.00.1 +≈β  , (3.32) 
for the case where δ Æ 0. This correlation was based on fewer data points (n =125) than the previous correlation but 
is still a good representation of the surfaces studied. As can be seen in Figure 3.31, the aspect ratio does not depend 
as significantly upon the channel geometry for this particular case as it did for the surface-wetting case. The main 
conclusion from this analysis, therefore, is that non-wetting droplets do not elongate as much as droplets that wet the 
surface, and their elongation is less sensitive to droplet size and surface inclination. For 70% of the data  (n = 125), 
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the experimental measurement is within 15% of that given by Equation (3.31); while for 85% of the data, the 
difference is within 20%. The average error between the correlation and the data is 12.3%.   
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Figure 3.31 The aspect ratio of composite droplets reveals that these droplets are not as elongated as droplets that 
wet the surface. 
3.4.3 Bond Number Effect on Minimum Contact Angle Ratio  
The correlation for predicting the apparent minimum contact angle was also re-examined. Here the 
correlation was tested for droplets that do not (or, nearly do not) wet the surface. As shown in Figure 3.32, the 
correlation agreed reasonably well with data collected from Sample 2. These data from Sample 2 (i.e. w= 25.2mm 
δ=15.7mm) exhibited less scatter than the data taken when the droplets were wetting the surface. Second, the data 
occupied the range 0 < Bo ≤ 1.8 which represents the lower end of observable Bond numbers. This observation is 
consistent with the fact that these droplets are not as elongated as droplets that wet the surface. As a result, their 
overall characteristic length, Deq, is smaller, and Bo is reduced. It should also be emphasized that although the 
correlation intercepts the ordinate axis at approximately 0.80, it is known that θmin should equal θadv for the case of 
zero inclination (i.e. Bo = 0). Because these data agreed well with the earlier data, the correlation was left unaltered 
and retained in the model in its present form. For the sake of completeness, the originally developed correlation is 
used (repeated here): 
808.0Bo260.0
adv
min +−=θ
θ
 (3.33) 
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Figure 3.32 The minimum contact angle ratio for non-wetting droplets was approximately the same as the 
minimum contact ratio for surface-wetting droplets. 
3.4.4 Droplet Base Contour Shape  
Images of injected water droplets interacting with the substrate on Sample 2 using a Carl Zeiss Axiovert 
135 reflected light microscope are shown below in Figure 3.33. The image on the left-hand side shows a detailed 
close-up of the droplet pinning occurring at the channel edge, while the image on the right-hand side shows more 
clearly the parallel-sided base contour shape. It also shows the very small liquid “tongue-like” regions protruding 
from the channels providing evidence for the capillary forces acting on these droplets. These “tongue-like” 
protrusions were reported in the literature by Léopoldès and Bucknall (2005) and were predicted theoretically by 
Neumann and Good (1972) and Boruvka and Neumann (1978) who solved the Laplace equation of capillarity for a 
heterogeneous stripwise surface. Based on these observations and others, the derived base contour shape was left 
unaltered and fully incorporated into the model for both the surface wetting and surface non-wetting case. 
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Figure 3.33 These images taken of a droplet on Sample 2 show the droplet edge pinning effect and the small 
“tongue-like” protrusions of water extending from the channels. 
3.4.5 Contact Line Discontinuities  
For composite droplets, the micro-grooves create discontinuities in the three-phase contact line. These 
discontinuities occur when air becomes trapped underneath the water droplet, and the droplet ceases to fill the 
micro-grooves. As before, a corrective term λ was added to the equation for finding the surface tension force to 
account for these discontinuities such that 
( ) φωφθζγλπ dcoscos2F
0
sx ∫ +−=     where (3.34) 
∫
∫= 2 
0  
2 
0 
d   4
   4
π
π
φζ
φζλ
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actual d
  (3.35) 
and the integration involving ζ actual yields the portion of the droplet perimeter in contact with the surface, and the 
integration involving ζ apparent yields the entire droplet perimeter. It is important to note that λ is not an independent 
tuning parameter. Rather, it depends directly upon the channel geometry and base contour shape and represents the 
perimeter fraction of the discontinuous droplet shape over the continuous droplet shape. In the case of a circular 
contact line, the value of λ would be approximately 0.5. This value increases slightly for an elliptical contour due to 
the presence of longer continuous arc length segments on the sides of the droplet and is still larger for the parallel-
sided droplet as shown below in Figure 3.34. Tabulated values for a few of these surfaces are shown below in Table 
3.7. As shown in this table, composite droplets on these surfaces at the onset of sliding typically had λ values that 
varied between 0.65 and 0.75. By comparison, if an elliptical base contour had been used, these λ values would have 
been much smaller and would have varied between 0.53 and 0.58 causing the model to underpredict the critical 
droplet size.  
Droplet images further revealed that only partial non-wetting was actually achieved on Sample 2—a true 
composite surface was never realized. (See Figure 3.35) In fact, in this figure, the wetting of a few of the grooves 
can be observed shortly after droplet injection. As a consequence, because this method of handling the contact line 
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discontinuities assumes a perfectly non-wetting case, the calculated λ value will always be lower than what is 
physically realized for these surfaces. This fact may explain why the model consistently underpredicts the 
experimental data for the composite surfaces shown in the next section.   
 
Figure 3.34 Typical λ values for different base contour shapes when the droplet does not wet the surface. 
 
Figure 3.35 These images taken immediately following droplet deposition on Sample 2 show that the surface is 
only partially non-wetting. 
 
t2 
t5 
 
t3 
t6 
 
t1 
t4 
Baseline Baseline Enhanced
         CIRCLE (β=1)           ELLIPSE (β=1.5)          PARALLEL-SIDED 
             (λ ≈ 0.5)                                (λ ≈ 0.58)               (λ ≈ 0.70) 
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Table 3.7 Calculated Values of λ for Critical Composite Droplets 
Inclination 
Angle, α 
 
 
w/δ 
25.2/15.7 
w/δ 
10.4/22.0 
w/δ 
15.6/22.7 
20° 
 
λ (PS) 
φc (PS) 
λ (ES) 
0.672 
53.2° 
0.539 
0.664 
53.4° 
0.533 
0.659 
54.0° 
0.532 
 
40° 
 
λ (PS) 
φc (PS) 
λ (ES) 
0.700 
49.1° 
0.560 
0.683 
50.4° 
0.547 
0.679 
50.9° 
0.543 
 
60° 
 
λ (PS) 
φc (PS) 
λ (ES) 
0.709 
47.9° 
0.570 
0.691 
49.2° 
0.550 
0.687 
49.7° 
0.550 
 
80° 
 
λ (PS) 
φc (PS) 
λ (ES) 
0.709 
47.8° 
0.567 
0.697 
48.5° 
0.556 
0.691 
49.2° 
0.548 
NOTE:  PS = parallel-sided shape   ES = elliptical shape 
3.4.6 Model Verification  
After examining each of these modifications separately, the generality of this model was tested for a few of 
the composite surfaces. Critical inclination data were collected by placing droplets of different volumes on the 
surface and then slowly tilting the surface until the point of incipient droplet motion. Examples of 30 μL droplets on 
Sample 7 and Sample 6 at the onset of sliding are shown below in Figure 3.36. 
As before, the model was typed into Engineering Equation Solver (EES) to provide a convenient means of 
calculating the critical droplet volume on a surface of known microchannel geometry. The inputs to the program 
were the surface inclination angle, advancing contact angle, contact angle at φ = 90°, channel geometry, and mode of 
wetting. In specifying the wetting mode, a value of ‘0’ was chosen to represent Cassie-Baxter wetting. Subprograms, 
modules, and procedures self-contained within the program were used to compute the droplet volume, calculate the 
λ value, and check for force balance equality. Representative results of applying this model to a few of the surfaces 
experiencing the Cassie-Baxter mode of wetting are shown below in Figures 3.37 - 3.39. In these figures, two 
different model prediction curves are shown. One is the completely non-wetting (CNW) case which uses the 
definition for λ shown in Eq. 3.35 to handle the surface contact-line discontinuities (values shown in Table 3.7). As 
a result, this prediction represents the ideal case where the droplet is assumed to not wet any of the microgrooves 
and rests completely on top of the pillars—an assumption already shown to not be entirely true. In the second model 
prediction, a λ value of 1.0 is used to depict the partial non-wetting (PNW) case where the surface wetting and non-
wetting effects perfectly negate each other. This treatment is equivalent to the removal of λ from Eq. 3.34. As a 
result, these model predictions represent the boundaries of non-wetting. A few observations can be made. Despite 
the large amount of scatter present in the data, the models capture the overall trends associated with surface non-
wetting behavior quite well. In fact, the two models predict the confines of the data nicely in each case. The small 
but consistent under-prediction of the experimental data by the CNW model can be explained by recognizing that 
the model assumes a completely non-wetting droplet when, in reality, only partial non-wetting is actually achieved. 
Finally, this model represents an improvement over water retention models currently found in the literature. For this 
reason, it is useful not only for the prediction of the critical droplet size but also for the design of future micro-
structured surfaces. (Note: In Figure 3.39, the data is presented in terms of critical diameter instead of critical 
volume to show the adaptability of this model.) 
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Figure 3.36 Images of critical composite droplets on (a) Sample 7 and (b) Sample 6. At t = t1 the droplets are 
stationary, at subsequent (arbitrary) times, t2, t3, t4, the droplet is slowly sliding down the inclined surface. 
(a) t = t1 (a) t = t2 
(a) t = t3 (a) t = t4 
(b) t = t1 (b) t = t2 
(b) t = t4 (b) t = t3 
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Figure 3.37 Experimental data and model prediction for Sample 7 
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Figure 3.38 Experimental data and model prediction for Sample 12 Q1 
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Figure 3.39 Experimental data and model prediction for Sample 2 
3.5 Droplets Formed from Condensing Water Vapor 
Thus far, the droplets that have been studied have been injected onto the surface using a micro-syringe. 
Because droplets in application typically wet the surface, additional data on wetted surfaces were obtained. The 
condensing of water vapor on a surface follows a mode of droplet formation much different from droplet injection. 
Water fills the channels first and completely wets the surface, unlike injected droplet formation, in which the 
channels remain dry. To study this mode of droplet formation, a method first had to be found which could be used to 
find the volume of a condensed droplet with high level of accuracy and reliability. Three different methods were 
initially proposed. One methodology was to extract the condensed droplet into a micro-syringe directly. Potential 
problems with this method include the retention of water inside the channels due to capillary forces thus preventing 
complete droplet extraction and/or the drawing of air into the syringe in addition to water. The second method 
involved absorbing the droplet into a Whatman high-density filter paper and weighing it directly on a high-precision 
balance accurate to ±0.0001g. By subtracting the weight of the filter paper from the gross weight, the droplet volume 
could be calculated directly. (This technique is identified as the mass measurement method in the plots.) The 
disadvantage of this method was the potential for greater evaporation losses that might be incurred during the 
transferring of the sample to the balance. The third and final method, which is described in greater detail in 
Appendix A, involved taking images of the droplet at two distinct locations— φ = 0° and φ = 90°. Using the 
information contained in these images about the contact angles and dimensions of the droplet, the droplet volume 
was calculated numerically by integration.  
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To test these different methods, droplets were condensed onto Sample 2 for a prescribed amount of time. 
Images were taken of the droplet and the sample stage was slowly raised until imminent droplet motion was 
observed. The droplet was then absorbed into a Whatman high-density filter paper or extracted into a micro-syringe 
for comparison. Figure 3.40 shows the results from these experiments. The direct weighing of an absorbed droplet 
gives a droplet volume that falls somewhere between the other two methods. The syringe method gave results 
consistently below those of the other two methods, suggesting that the complete extraction of the liquid from the 
surface was difficult. Finally, it was found that the integration-based calculation method predicted the droplet 
volume reasonably well using just a few simple inputs gleaned from images of the droplet at φ = 0° and φ = 90°. The 
difference between the mass measurement technique and the integration-based technique was consistently less than 
10%, with the integration-based method predicting slightly larger volumes than the mass measurement method in 
most cases as shown in Figure 3.40. Because it predicted the droplet volume more reliably than the other methods, 
the mass measurement technique was ultimately adopted for determining the volume of a condensate droplet. The 
uncertainty in the volume measurement using the syringe extraction method was estimated to be ±1 μL. The 
uncertainty associated with the mass measurement technique was ±0.5 μL, and the average uncertainty of the 
integration-based approach was 6% (based on a sample size n =10). 
4
6
8
10
12
14
16
18
15 25 35 45 55 65
calculation method
mass measurement
syringe extraction
Critical Inclination Angle, α
c 
(deg)
D
ro
pl
et
 V
ol
um
e 
(μL
)
 
Figure 3.40 Comparison of the different methods for determining the volume of a condensed droplet on 
Sample 2 
Shown below in Figure 3.41 are representative images recorded at φ = 0° and  φ = 90° of droplets 
condensed on Sample 2. The most noticeable characteristic of these droplets is their high degree of elongation. Both 
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of these droplets possessed large aspect ratios exceeding β = 2.0.  Shown in Figure 3.42 are critical inclination angle 
data for both injected droplets (ID) and condensed droplets (CD) on the two surfaces. For these data, the droplet 
volume of the injected droplets was determined by the micro-syringe, and the droplet volume of the condensed 
droplets was found by absorbing the droplet in high-density filter paper and then weighing it to determine droplet 
mass. Similar critical angles for sliding were observed for injected droplets and condensed droplets on the baseline 
surface. Although the mechanisms of droplet formation are different, the absence of discernable roughness features 
on the baseline surface prevents a composite surface from being formed. As a result, injected droplets on the 
baseline surface behave similar to condensed droplets. The Dussan V (1985) equation derived for sessile droplets at 
the critical condition having only a small amount of contact angle hysteresis, 
( ) ( ) ( )
( ) ( ) 4923
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1
2
343232123
cos12cos
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θθθθθ
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⎞⎜⎝
⎛   (3.36) 
where ρ is the liquid density, γ is the surface tension of the liquid-vapor interface, V is the droplet volume, αc is the 
critical inclination angle, θadv is the advancing contact angle, and θrec is the receding contact angle, is also shown in 
Figure 3.42. The Dussan V (1985) equation predicted the baseline data well with only three required inputs, θadv, 
θrec, and αc, in addition to the fluid properties. Small differences, however, were observed between the condensed 
droplets and injected droplets on Sample 2- namely, the critical inclination angle was reduced for the condensed 
droplets. These differences, believed to be due to the geometry of the three-phase contact line, were typically 
manifest for larger droplet volumes. Nonetheless, a consistent reduction of at least 50% in the critical droplet 
volume for Sample 2 was observed. This reduction in the retentive force is best understood by considering the 
discontinuities in the three-phase contact line and the base contour shape of the droplet. For droplets on the etched 
surface, the base contour shape is parallel-sided, and the surface tension force is orthogonal to the gravitational force 
on the sides of the droplet. Therefore, there is no contribution to the retentive force from the contact line along the 
sides of the droplet. The discontinuities of the contact line at both the advancing and receding fronts also serve to 
reduce the surface tension force of the droplet, helping to minimize its retention. Thus, droplets on an etched sample 
can occupy the same surface area as droplets on a homogeneous sample without the usual penalty of increased 
surface tension.  
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Figure 3.41 Images of condensed droplets at camera locations (a) φ = 0° and (b) φ = 90° 
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Figure 3.42 The reduction in the critical angle for sliding of Sample 2 was manifest not only for injected droplets 
(ID) but also condensed droplets (CD). 
3.6 Effect of Channel Geometry 
The dimensions of the underlying channel geometry were significant in determining the extent to which the 
critical droplet volume was reduced. In general, narrower microchannels and deeper microchannels were associated 
b 
a b 
7.1 μL 
9.7 μL 
a 
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with more significant improvements in water repellency. In other words, the critical droplet volume was found to 
decrease with droplet aspect ratio, δ/w. For example, Sample 7 which had an aspect ratio of 1.96 was found to be the 
best performing surface of those examined. (Note: Sample 10 Q4 and Sample 11 Q4—the only two surfaces having a 
higher aspect ratio—were not included since their etch quality was deemed poor.) Other surfaces that exhibited 
exceptional water repellency characteristics were Sample 2 (δ/w = 0.623), Sample 3 (δ/w = 1.174), Sample 12 Q1 
(δ/w = 1.455), and Sample 12 Q3 (δ/w = 0.643). Conversely, some surfaces never exhibited true lyophobic 
properties and demonstrated little or no improvement over the baseline surface. Two such surfaces were Sample 1 
(δ/w = 0.194) and Sample 9 Q3 (δ/w = 0.181). A photograph of a water droplet on Sample 1 is shown below in 
Figure 3.43. Notice that the apparent contact angle is a little less than 90°. Sample 9 Q3 also exhibited wetting 
behavior but never non-wetting behavior. Moreover, droplets on this surface were not very repeatable—some 
performed better than the baseline; others did not.  
Figure 3.44 shows how decreasing the channel width and increasing the channel depth can reduce the 
overall critical angle of inclination necessary for sliding. (Note: The critical angle of inclination does not guarantee 
that the droplet will completely slide off the surface. It only guarantees the onset of droplet motion.) Nonetheless, 
because the discontinuities of the contact line at both the advancing and receding fronts serve to reduce the surface 
tension force of the droplet, increasing the frequency of these discontinuities (i.e. decreasing the channel width) and 
increasing the magnitude of these discontinuities (i.e. increasing the channel depth) might be expected to further 
reduce the critical inclination angle and that was exactly what was observed. The largest reduction in the critical 
droplet volume necessary for sliding was manifest for the surface having the smallest channel width and largest 
channel depth. Also shown in Figure 3.44 are critical inclination data for an untreated baseline surface (i.e. baseline 
1) and a baseline surface which had been processed with AZ 4620 in the usual manner and then cleaned prior to 
etching (i.e. baseline 2).  
 
Figure 3.43 The apparent contact angle for Sample 1 remained less than 90°. 
 69
0
10
20
30
40
50
60
0 10 20 30 40 50 60
baseline 2
w = 14.0μm; δ = 6.2μm
w = 38.0μm; δ = 6.9μm
w = 10.4μm; δ = 22.0μm
baseline 1
C
rit
ic
al
 In
cl
in
at
io
n 
A
ng
le
, α
c (
de
g)
Droplet Volume (μL)  
Figure 3.44 Reductions in the critical inclination angle were observed for decreasing channel width and 
increasing channel depth. 
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Chapter 4. Surface Analysis Results 
4.1 Background 
In order to better understand the changes in wettability and the underlying mechanisms, a couple different 
techniques were employed to more fully characterize the surface and its composition. The goal of these analyses was 
to test more definitively whether the underlying surface roughness was chiefly responsible for these observed 
changes in wettability or whether a surface chemistry change originating from the handling and processing of these 
samples might be important.§ 
4.2 X-Ray Photoelectron Spectroscopy Results  
One of the first tests performed was X-ray photoelectron spectroscopy (XPS). In this technique also known 
as electron spectroscopy for chemical analysis (ESCA), X-rays are used to excite the release of photoelectrons from 
the surface, and the emitted electron signal is plotted as a spectrum of binding energies. Information about chemical 
states resulting from compound formation can be inferred from the photoelectron peak positions and shapes. This 
technique is fairly surface sensitive, such that spectral information is only collected from a depth of 2-20 atomic 
layers depending on the material being studied. A Kratos Axis ULTRA Imaging X-ray Photoelectron Spectrometer 
was used to perform these experiments. The Kratos Axis ULTRA has a monochromated X-ray source for high-
energy resolution analysis and is capable of small area detection. The angle of incidence for these tests was 90°. 
With this setup, approximately 70% of the signal originates within 1λ (or 3 nm) of the surface while 95% of the 
signal originates from within 3λ (or 9 nm) of the surface. Therefore, only about the first 10 nm of an aluminum 
surface are actually analyzed using this analytical technique. 
In Figure 4.1, XPS data are shown for an unpolished baseline surface and sample 2 which exhibited 
partially non-wetting behavior. Four different locations were analyzed on sample 2. Excellent repeatability was 
observed among the four surface spectrums performed at different locations on sample 2. The main constituents 
found on the surface of sample 2 were C, O, N, Si, and Al. The most prevalent of these species were carbon and 
oxygen. The C on the surface is most likely due to acetone which was periodically used to clean the surface and to a 
lesser degree the absorption of organic contaminants from the air and small quantities of photoresist still present on 
the surface. The photoresist used in masking the surface (i.e. AZ 4620) included a sensitizer containing nitrogen so 
the N on the surface is best attributed to this source. (See Figure 4.2) The Si detected on the surface may have been 
deposited at the time of etching since silicon is one of the most commonly etched materials in the ICP RIE chamber. 
It is more likely, however, that the silicon which is present in most polishing compounds originated during the 
mechanical polishing process. The unpolished baseline surface contained the same elements as sample 2 minus the 
N and Si, but it also contained trace amounts of F and Na. The presence of fluorine on the baseline surface was a bit 
of a surprise but is believed to have originated from a marker used by the machine shop in preparing the aluminum 
for cutting, and the Na is thought to be due to a surface salt. It should be emphasized here that both of these elements 
were present in extremely minute quantities on the surface and were only found on the baseline surface. Using data 
                                                          
§ The material contained in this section is based upon work supported by the U.S. Department of Energy, Division of Materials Sciences under 
Award No. DEFG02-91ER45439, through the Frederick Seitz Materials Research Laboratory at the University of Illinois at Urbana-Champaign. 
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from a high-resolution scan, it was also possible to conclude that the amount of carbon present on the surface of 
Sample 2 and the baseline sample were similar. 
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Figure 4.1 XPS data from four different locations on Sample 2 and one location on the baseline surface (Note: 
The spectra were offset to aid in comparison.) 
 
Figure 4.2 The chemical structure of a typical AZ positive photoresist which consists of o-
naphthoquinonediazides (a photoactive compound) in a Novolak-type resin. Structure I shown above is the PAC. 
Structure II is a phenolic resin. (Pacansky and Lyerla, 1979) 
In an effort to determine if differences in oxide layer thickness were responsible for this change in 
wettability, two small pieces were excised from Sample 12 Q1 while it was exhibiting non-wetting behavior. One of 
these pieces (#1) was then reinserted into the PlasmaTherm ICP RIE system. This piece was then subjected to the 
usual processing steps—a 2-minute surface scavenging plasma of BCl3, a 30 second Cl2 plasma, and a 5-minute O2 
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Al 2s 
Al 2p 
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N 1s 
Si 2s Si 2p 
Al 2s Al 2p 
O 2s 
Na 
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plasma. The purpose of this etch was simply to remove the native oxide layer and return the sample to its original 
condition to check and see if there were any differences between this sample and one that had been aged for several 
months. Interestingly, after removing the sample from the ICP RIE, this piece (#1) exhibited complete surface 
wetting again. This piece was then analyzed using XPS and compared to the other piece (#2) still exhibiting non-
wetting behavior. The resulting surface spectra are shown below in Figure 4.3. The most important observation from 
these plots is the lack of apparent differences between the surfaces. Both pieces (#1 and #2) had similar surface 
composition, and the oxide thicknesses of both samples were too large to calculate using the two-layer model. So 
although this analysis was ultimately inconclusive, using oxide thickness differences to explain changes in 
wettability appears to be a weak argument. Therefore, it is more likely that these observed changes in wettability 
result from the gradual deterioration of the oxygen plasma treatment effect and the adsorption of small quantities of 
organic contaminants from the environment. It should be noted that these spectra were very similar to the spectrum 
generated for the unpolished baseline surface (shown in Figure 4.4) which also exhibited carbon, oxygen, and 
aluminum. The only observable differences between this spectrum and those for Sample 12 Q1 were the presence of 
sodium and the absence of chlorine. The sodium is thought to be due to low concentrations of salt on the surface 
originating from the handling of the surface prior to polishing and machining. It should be emphasized, however, 
that its concentration on the surface was extremely low. The presence of chlorine on Sample 12 Q1 (or, conversely 
its absence on the baseline surface) may be attributed to the actual plasma etching process which involves Cl2 and 
BCl3. During the etching process, chlorine reacts with the aluminum to form aluminum chloride (i.e. AlCl3), a 
highly volatile product. Therefore, the chlorine present on the surface in Figure 4.3 may be from any one of the 
following—Cl2, BCl3, or AlCl3. It should be pointed out that the concentration of chlorine on the surface was 
observed to decrease with time following the etching process. This phenomenon can be readily observed by 
examining the differences in Figure 4.3 between the wetting surface (where t > t0) and the non-wetting surface 
(where t >> t0). The non-wetting surface shows this reduction in the chlorine concentration on the surface. The final 
observation that can be made from these figures is that the concentration of carbon on the etched surface is small as 
compared to the baseline surface. This observation suggests that the etching process may be used to clean the 
surface and remove organics that are adhered to it. 
The thickness of the oxide layer on the aluminum could be approximated in certain cases using a two-layer 
model described by Briggs, et al. (1996) which only accounts for the inelastic scattering of electrons such that 
θλ sin1C
Clnd
b
a ⎟⎠
⎞⎜⎝
⎛ +=  (4.1) 
and d is the depth of the layer, λ is the inelastic electron mean free path, θ is the angle of incidence, Ca is the 
overlayer atomic concentration of oxygen, and Cb is the substrate atomic concentration of aluminum. For the results 
shown in Figure 4.3, however, the oxide overlayer exceeded 10 nm, and it was impossible to detect the underlying 
aluminum layer due the aforementioned limitations on the depth of sampling using XPS. However, for other 
examined surfaces, the oxide layer could be estimated using the measured atomic concentration data. For instance, 
the oxide layer thickness of an unpolished baseline surface was found to be about 2.7 nm, while the oxide layer 
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thickness of test surfaces A, B, and C which exhibited wetting behavior following the customary processing, 
etching, and cleaning steps ranged from 4.6 to 8.5 nm. 
 
 
 
Figure 4.3 XPS spectra for pieces of Sample 12 Q1 exhibiting wetting and non-wetting behavior 
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Figure 4.4 XPS spectra for an unpolished aluminum baseline surface 
Therefore, as shown below in Table 4.1, the thickness of the oxide overlayer on these surfaces was 
observed to range from approximately 3 to 10+ nm.  Moreover, there did not appear to be any difference in the oxide 
layer thickness between surfaces which exhibited wetting behavior and those which did not. Perhaps more 
significantly, the concentration of carbon on the baseline surface was approximately equal to that found on the 
etched samples (i.e. Sample 12 Q1). This observation provides evidence that the etched surfaces were well-cleaned 
prior to testing. Another consequence of this analysis is that there does not appear to be a strong link between the 
level of carbon on the surface and the mode of wetting observed. (NOTE: Some of the earlier test specimens had 
been cleaned with acetone prior to performing XPS and as a result exhibited artificially high concentrations of 
carbon on the surface.) 
Table 4.1. XPS Quantification Report Data 
Surface Ca (oxygen) Cb (aluminum) Cc (carbon) d 
Wetting A 21.68% 3.95% 71.13% + 5.6 nm 
Wetting B 16.40% 1.02% 79.74% + 8.5 nm 
Wetting C 18.52% 5.16% 73.30% + 4.6 nm 
Non-Wetting 22.02% 7.77% 68.75% + 4.0 nm 
Baseline (Fig. 4.1) 38.13% 25.90% 35.17% ++ 2.7 nm 
Sample 2 (Fig. 4.1) N/A N/A 65.11% + > 10 nm 
Sample 12 Q1 (Fig. 4.3) 
Wetting N/A N/A 27% 
++ > 10 nm 
Sample 12 Q1 (Fig. 4.3) 
Non-Wetting N/A N/A 28% 
++ > 10 nm 
+ Surface was cleaned with acetone prior to XPS   ++ Surface was examined without cleaning 
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O 
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4.3 Fourier Transform Infrared Spectroscopy 
Fourier Transform Infrared (FTIR) spectroscopy was performed on Sample 2 (w=25.2μm, δ=15.7μm), a 
polished baseline sample, and a baseline sample that was processed with photoresist and then cleaned according to 
customary cleanroom procedure. The FTIR analysis was performed using a Thermo Nicolet Nexus 670 that had a 
wavenumber range of 100 - 3000 cm-1 and a resolution of 0.125 cm-1. The angle of incidence was fixed at 75°. Most 
FTIR experiments performed in the literature are based on transmittance or absorbance as shown in Figure 4.5, since 
silicon is transparent in the IR region of the electromagnetic spectrum. However, aluminum is not transparent in the 
IR region, so these experiments were performed using a special attachment known as a Smart Refractor that 
measures the percentage of beam reflection off the surface. The Smart Refractor accessory incorporates two wedged 
windows to refract the beam to and from the sample. This unique design which uses no mirrors includes a pre-
mounted, internal polarizing plate for enhanced spectral contrast. The Smart Refractor, which is intended for use 
with thin films on reflective surfaces, has a broad, horizontal sampling surface for high sample throughput and a 
large fixed angle of incidence.  
 
Figure 4.5 A typical FTIR apparatus that uses transmittance for analysis. (Ay, 2000)  
The principle behind Fourier Transform Infrared spectroscopy is that as the infrared beam strikes the 
surface of the sample, the radiation is absorbed by the chemical groups on the surface at frequencies corresponding 
to the modes of vibration for certain molecules in the structure. Because substances only absorb energy at specific 
frequencies characteristic of their functional groups, information can be deduced about the surface chemistry of a 
sample. Molecular vibrations can often be divided into two classes—stretching and bending—as shown in Figure 
4.6. In stretching, the bond length is changing; whereas in bending, the bond angle is changing. For a polyatomic 
molecule of N atoms, there are 3N-6 normal different modes of vibration (or 3N-5 modes for linear molecules). 
Vibrational modes generally manifest between 4000 cm-1 and 650 cm-1 where as rotational modes generally occur at 
much smaller energies (i.e. less than 300 cm-1). For these reasons, the range of wavenumbers examined by the 
Thermo Nicolet Nexus 670 is 100 - 3000 cm-1.  
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Figure 4.6 Various modes of vibration for a polyatomic molecule 
Early FTIR experiments performed on Sample 2 revealed some interesting findings. First, the orientation of 
the surface microchannels with respect to the beam source was shown to significantly influence the generated 
spectra. When the channels were oriented perpendicular to the beam, a diffraction pattern was generated that was 
visible in the resulting spectra. (See Figure 4.7) When the channels were oriented parallel to the beam source, two 
independent samplings were obtained having nearly identical FTIR spectra, suggesting good repeatability is possible 
with this technique. However, these generated spectra had unusually low reflection values (35% - 45%), suggesting 
that the microchannel structure might still be affecting the collected signal. For this reason, the data were discarded, 
and the technique was only used to analyze baseline surfaces—one that had never been processed with photoresist 
and one that had been processed and subsequently cleaned. The results from these tests are shown below in Figure 
4.8. In this plot, it should be noted that the region of the FTIR spectra most sensitive to surface constituents was 
between 800 and 1800 cm-1, an observation that may be due to the presence of residual photoresist on the surface, a 
fact supported by the spectra shown in Figures 4.9 and 4.10 taken from the literature. The processed baseline sample 
(in Fig. 4.8) exhibited reflection troughs at approximately 1610, 1400, and 1180 cm-1 which are consistent with the 
absorption peaks shown in Figure 4.9 at approx. 1710, 1600, 1425, and 1200 cm-1 and the transmittance toughs in 
Figure 4.10. No other distinguishable peaks were present in the baseline sample spectra. (Note: The peaks present at 
2900 and 2350 cm-1 were present in the background spectrum and therefore only constitute noise.) 
Perhaps of greater significance is the fact that the processed baseline sample and the unprocessed baseline 
sample exhibited similar reflection behavior, and the overall differences between these two samples were small (< 
5% reflection). This suggests that although the photolithographic procedure may leave some residual photoresist on 
the surface, its contribution is relatively small and should not significantly affect the surface wettability.  
Bending Symmetric 
Stretching 
Asymmetric 
Stretching 
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Figure 4.7 FTIR reflection spectra for Sample 2 when the channels were oriented perpendicular to the beam 
source  
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Figure 4.8 FTIR reflection spectra for an unprocessed baseline sample and a baseline sample processed with 
photoresist in the usual manner and cleaned. Identifiable troughs were observed in the spectra. 
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Figure 4.9 FTIR spectra for a positive photoresist. Four different distinct peaks can be observed in the spectrum 
occurring at approx. 1710, 1600, 1425, and 1200 cm-1. (Reche, 2004) 
 
 
Figure 4.10 FTIR spectra for a positive photoresist found in the literature. The top spectrum was performed after 
development, and the bottom spectrum was performed after development and silylation. The identified troughs 
in the top spectrum correspond with vibrational modes present in the baseline sample. (Haring and Stewart, 
1991) 
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Chapter 5. Conclusions and Recommendations 
Introduction 
The overall goal of this research was to better understand and be able to predict water retention on micro-
grooved surfaces. Specifically examined were surfaces containing parallel grooves tens of microns in width and 
depth oriented parallel to the gravitational vector running the length of the surface. This geometry, it is believed, is 
amendable to continuous manufacturing and existing industry processes for the manufacture of heat exchangers. 
One outcome of this work is the development and validation of a semi-empirical model for predicting the critical 
droplet volume on micro-grooved surfaces. Thus, in addition to having obtained a better understanding of the 
wetting and water-shedding behavior of these surfaces, a model is now available to guide their design.  
5.2 Summary of Results 
5.2.1 Microfabrication Technique 
• Squares of aluminum alloy 1100, 63.5 mm by 63.5 mm in size, were polished and prepared for 
standard photolithography. The squares were spin-coated with AZ 4620 positive photoresist and 
then exposed to UV radiation through an optical mask to selectively remove certain regions of the 
photoresist masking layer from the aluminum surface.  
• After hard-baking the remaining photoresist on the surface, the squares were transferred to an 
Inductively Coupled Plasma Reactive Ion Etcher (ICP RIE) system. A three-step process was then 
used to etch the exposed aluminum. First, a BCl3 plasma was used to scavenge the surface and 
remove the native oxide layer. Next, a Cl2/BCl3 plasma was used to perform the actual etching. 
Finally, a short passivation step was performed to quench the etching using an O2-based plasma. 
• The surfaces were then stripped of their sacrificial masking layer in a two-part process: first, using 
cleanroom swabs and acetone, and then by performing an ashing step where the sample was 
subjected to a prolonged, high-intensity O2-based plasma to remove remaining organics from the 
surface. 
• The surface geometry was then examined under an optical microscope and characterized using an 
Alpha-Step profilometer and a Cambridge scanning electron microscope. 
• The surface chemistry was examined using X-ray photoelectron spectroscopy (XPS) and Fourier 
Transform Infrared spectroscopy (FTIR). These tests revealed the presence of oxygen and 
aluminum within the first 10 nm of the surface and small concentrations of carbon which was also 
present on the baseline surface.  
• The widths of the etched grooves ranged from 5 μm to 40 μm, and the depths ranged from 5 μm to 
27 μm.  
5.2.2 Apparent Contact Angles 
• The apparent contact angles of surfaces with micro-grooves exhibited two different modes of 
wetting. The first mode of wetting—Wenzel’s mode of wetting—was manifest for a relatively 
short period of time (i.e. approximately 2 to 4 months) immediately following etching. This 
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observed wetting behavior is believed to originate because of the final O2-based plasma step in the 
recipe, which has been reported in the literature to increase the critical surface tension for wetting. 
The second mode of wetting—Cassie’s mode of wetting—was manifest indefinitely following this 
transient wetting period.  
• The advancing contact angle measured on the unpolished aluminum baseline surface was 85° 
while the advancing contact angle of the polished baseline surface was found to be 70°.  
• Immediately following etching, the micro-grooved surfaces exhibited advancing contact angles 
that ranged from 34° to 56° depending on the width and depth of the etched channels. The 
advancing contact angle was reduced more significantly for deeper, narrower channels. 
• Once the Cassie mode of wetting was realized, the surfaces exhibited advancing contact angles 
which ranged from 104° for Sample 12 Q3 to 131° for Sample 7.  
• Generally, these micro-etched surfaces exhibited lower overall contact angle hysteresis than the 
baseline surface. However, occasionally these surfaces exhibited larger contact angle hysteresis 
while still retaining lower critical inclination angles for sliding. This finding suggests that the 
contact line discontinuities and base contour shape may, in some cases, play a more significant 
role in assessing water retention than hysteresis alone.  
• The maximum observable contact angle on these surfaces usually occurred along the side of the 
droplet at a location φ = 90° and was not, in general, synonymous with the advancing contact 
angle of the droplet. This finding suggests that the microchannels pose an energy barrier to 
spanwise droplet expansion which may actually pin the droplet between channels along its sides. 
This discovery prompted the development of a new correlation for predicting the contact angle as 
a function of the azimuthal angle.  
5.2.3 Droplet Base Contour Shape 
• The base contour shape of droplets wetting the surface was observed to be parallel-sided and not 
elliptical as observed on an isotropic, flat surface. A cubic model derived from the literature with 
physically justified, geometric constraints was then adopted to better approximate the droplet base 
contour shape.  
• Although the parallel side lengths were less apparent for non-wetting droplets, the parallel-sided 
base contour shape was still observable. 
• The elongation of droplets wetting the surface was typically quite high (i.e. β > 2.0), whereas the 
elongation of non-wetting surface droplets was not as pronounced          (i.e.  1.0 < β ≤ 2.5). Both 
the wetting and non-wetting modes had droplets much more elongated than droplets on the 
baseline surface. 
• To predict the aspect ratio of the droplets, curve fits for both modes of wetting were developed 
using the method of least squares with the Bond number and channel geometry as independent 
variables.  
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5.2.4 Three-Phase Contact Line  
• The three-phase contact line was found to play a significant role in determining the critical droplet 
volume on micro-grooved surfaces and, at times, may play a more significant role than the contact 
angle hysteresis. 
• A method was developed for handling the discontinuities of the three-phase contact line on these 
surfaces. In this method, as the perimeter of the droplet is traversed, segments of contact are 
summed together to create a fraction of actual surface contact to projected surface contact. For 
droplets wetting the surface, this ratio (λ) is greater than unity, and the actual three-phase contact 
line is larger than the contact line based on the droplet perimeter alone. For droplets not wetting 
the surface, λ is less than unity, and the actual three-phase contact line is smaller than the contact 
line based on the droplet perimeter alone. 
5.2.5 Predicting the Critical Droplet Volume 
• Reductions up to 50% in the critical droplet volume necessary for the onset of sliding were 
manifest on these micro-grooved surfaces. These reductions were apparent both for injected 
droplets and condensed droplets (at about the same magnitude) and for surface-wetting droplets 
and non-surface-wetting droplets (at about the same magnitude). 
• Because the sides of a parallel-sided droplet do not contribute to the overall retentive force, 
droplets that wet the surface were found to slide at smaller overall inclination angles on these 
micro-grooved surfaces than droplets of the same volume on the baseline surface due to the large 
observed aspect ratios on these surfaces.    
• For droplets that do not wet the surface, there was less droplet elongation but that was made up for 
by the contact line discontinuities. The values of λ for these droplets were typically between 0.65 
and 0.75 meaning that the percentage of contact that the three-phase contact line had with the 
surface was reduced by 25% to 35%. This fact coupled with the moderately larger aspect ratios 
observed for this wetting mode produced the nearly 50% reductions in critical droplet volume that 
were observed.  
Perhaps most important is that the enhanced water drainage achieved with the micro-grooved surfaces was obtained 
with no chemical surface treatment; it was accomplished by an anisotropic surface morphology that manipulates 
droplet geometry and creates and exploits discontinuities in the three-phase contact line. Understanding this 
behavior, developing a mechanistically based model of it, and recognizing how to exploit it in application are 
significant contributions. 
5.3 Recommendations for Future Work 
Although the model developed in this work has been successful in predicting the critical droplet size for 
surface-wetting and non-surface-wetting water droplets on micro-grooved aluminum surfaces for a parallel, 
microchannel geometry, it could be improved by extending its generality to include other surface geometries such as 
posts and domes. In doing so, a new method to account for contact line geometry may be needed, since the current 
model utilizes the periodicity of the underlying microstructure when calculating the λ value. Furthermore, added 
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geometric generality might reveal a geometry with better drainage behavior. Model validation should be expanded 
to include other liquids and perhaps other substrate materials, in order to more fully asses the generality of the 
model.  
Because chemical gradients have already been reported in the literature for the creation of directional 
wettability on a surface, surface roughness should be examined with a similar motivation. Is it possible to create a 
wettability gradient using the underlying microstructure alone? 
It will also be important in the future to study frost and defrost phenomena in a more fundamental way on 
these surfaces. Condensate bridges were excluded from this current work but should be incorporated in the future as 
well as size-distribution functions for water droplets originating on these surfaces. It is also only natural to extend 
this work to include surface chemistry in an intentional manner to further augment the observed improvements in 
surface wettability. Because it proved to be difficult in this work to completely extricate all surface chemistry 
effects, future experiments should also incorporate ultrasonic cleaning or other more advanced cleaning methods to 
better ensure the removal of surface contaminants. 
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Appendix A: Alternate Method for Calculating the Droplet Volume 
Because these surfaces possessed unusual wetting characteristics, it was necessary to reexamine all aspects 
of droplet modeling on these surfaces. One of these revisited aspects was the two-circle model developed by El 
Sherbini and Jacobi (2004). The two-circle method was originally developed with the purpose of providing a reliable 
method for calculating the volume of a droplet as a function of its diameter and contact angles on a homogeneous 
surface. If the volume function was known, then it could be multiplied by a droplet size-distribution function and 
integrated over droplet diameters and surface area to provide an estimate of the condensate retention on a given 
surface. This method was an improvement over the simple, but often used, method of approximating the droplet 
profile by a single circle. For the idealized case where the liquid droplet is resting on a horizontal plane, the droplet 
takes the shape of a spherical cap where the base contour is circular and the contact angle is constant around the 
base. For this special case, the calculation of the droplet volume is pretty straightforward and can be found using 
⎟⎟⎠
⎞
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θθπ
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33
sin
coscos32
24
DV    (A.1) 
where D is the diameter and θ is the contact angle. However, the accuracy of this equation quickly degenerates as 
the droplet elongates due to surface inclination (or, perhaps the underlying surface morphology). For this reason, El 
Sherbini and Jacobi developed the two-circle method to help eliminate this error. The model was based on 
experimental observation for droplets where β < 1.5 and therefore was intended primarily for droplets with mild 
elongation. However, on the etched surfaces in this work, the elongation of the droplet often exceeds β = 2.5 so a 
new method for calculating the droplet volume was considered. In this method, the droplet is treated as a cylindrical 
element, and the volume is found by integrating the cross-sectional area down the length of the droplet rather than 
by the sweeping around the periphery of the droplet and integrating droplet profiles taken at all azimuthal angles. 
The advantage of using this method over the two-circle method can be seen below in Figure A.1. In this figure, an 
attempt has been made to fit the profile of a droplet on sample 2 (seen from an azimuthal angle of 90°) with two 
circles. In this example, circle 1 was fit first to match θ1, and then circle 2 was drawn to provide a common tangent 
at the apex. One notices, however, that the two circles do not meet at the true apex of the droplet. Furthermore, 
circle 2 does not approximate the receding droplet profile very well and misrepresents the apparent contact angle, θ2. 
These incongruities, albeit small, could be more pronounced for highly elongated droplets.  
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Figure A.1 An example of a shortcoming with the two-circle method 
The idea behind this aforementioned extrusion method is relatively simple. As shown in Figure A.2, the 
droplet is split into two regions (red and blue), each of which is then further subdivided into two smaller 
components. Regions 1 and 2 are fit by a teardrop profile, 
 22
1
xcc
xy −=  (A.2) 
where c1 and c2 represent constants to be determined later, and regions 3 and 4 are fir by a circle having the form 
( ) ( )( )  2h21 xLxRy +−−=−δ  
 (A.3) 
where δ represents the height of the circle’s center above the surface and xh represents the lateral offset of the 
circle’s center (or, the x-component of the distance from the midpoint of the base length to the center). 
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Figure A.2 The droplet profile is approximated using both a circle and a teardrop shape. 
In this method, the variables h, L, θ1, and θ2 are supplied by the user and everything else is calculated including xh. 
The constants appearing in the teardrop profile, c1 and c2, are found by matching the height of the droplet h and the 
apparent contact angle θ2. The first boundary condition can be shown by taking the derivative of the teardrop 
function 
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1 xc
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xxcc
1
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−
−−=  (A.4) 
The slope is then be related to the contact angle by 
1
2
2 c
c
tandx
dy == θ   (A.5) 
which is the first specified boundary condition. The second is found by substituting x = (L+xh) into the original 
function to get 
( ) ( )2h2
1
h xLcc
xLh +−+=  . (A.6) 
The constants in the circular profile, δ and R1, are found similarly by matching the droplet height h and contact angle 
θ1 with the specified inputs. The height is fixed by recognizing that 
δ+= 1Rh  (A.7) 
and the contact angle is fixed according to 
( )
1
h
R
xLcos −=σ  (A.8) 
where 
21
πθσ −=  (A.9) 
as shown below in Figure A.3. 
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Figure A.3 The constants in the droplet profile equations are found by matching the contact angles and droplet 
height. 
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Figure A.4 The volume of regions 2 and 3 is found by extruding a circular cross-sectional area the length of the 
region. The volume of regions 1 and 4 is found using the volume equation for a triangular prism and spherical 
cap, respectively. 
The actual process of extruding a circular cross-sectional area through regions 2 and 3 is accomplished as follows, 
4321total VVVVV +++=  (A.10) 
where 
∫= 2
1
x
x c2
dxAV
 
  
   and (A.11) 
∫= 3
2
x
x c3
dxAV
 
  
    .
 (A.12) 
For non-wetting droplets, 
( )γγπ 2sin22RRA
2
2
c −= (x) - (x)   (A.13) 
where x1 = ε (for ε   1), x2 = (L + xh), and x3 = 2L. For wetting droplets,  
( )γγ 2sin22RA
2
c −= (x)  . (A.14) 
The volume of region 1 (i.e. V1), which is typically less than 0.5% of Vtotal, is approximated using the volume 
formula for a triangular prism yielding,  
⎟⎠
⎞⎜⎝
⎛⋅⎟⎠
⎞⎜⎝
⎛ −⋅⋅≈ βε
εε Lcc2
1V 22
1
1  .(A.15) 
The volume of region 4 (i.e. V4), which is typically less than 1% of Vtotal, is found using the volume formula for a 
spherical cap which after substitution yields the following result, 
( )2c2cc4 yr3y61V +⋅⋅= π  (A.16) 
where yc refers to the height of the cap and rc refers to the radius of the circle that forms the base of the cap. The 
local cross-sectional radius R(x) is related to the local droplet height y(x) by the following expressions: 
)()( xbxRy +=  (A.17) 
where 
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ψβ cos2
LxR ⋅=)(   (A.18) 
and 
β
ψ
2
tanLxb ⋅=)(  . A.19) 
Finally, using the Young-Laplace equation, the location xh where the droplet height in the y-direction is maximum 
can be found using 
1
 
a
21
2
33
h
aa2aa
x
⋅⋅−+−=   
 (A.20) 
where 
( ) γρρ /ga vl1 −=  , (A.21) 
( )( )γρρθθ /gLsinsin21a 2vl212 −−−=  , (A.22) 
( ) L2/sinsina 213 θθ +=  . (A.23) 
For water droplets placed on these micro-structured surfaces, this method only requires geometrical data taken from 
two droplet images (i.e. φ = 0° and φ = 90°) and typically yields an accuracy that is similar to, or better than, the 
two-circle method. A comparison between these two methods is shown below in Table A.1 and graphically in Figure 
A.5. It should be pointed out that the experimental droplet volume data in Table A.1 and Figure A.5 represent water 
droplets condensed on sample 2. Because these volume data were determined by absorption and the subsequent 
direct weighing of the droplet on a high-precision balance, these experimental data are not as accurate as those 
obtained by using a micro-syringe. The maximum uncertainty of these experimental data was ± 0.5 μL. 
Table A.1 Extrusion Method Verification Data 
Experimental 
Volume (μL) 
Calculated 
Volume (μL) 
% Difference 
19.900 19.630 1.36 
9.7000 9.4800 2.27 
14.700 13.080 11.0 
22.200 21.350 3.83 
17.900 16.810 6.09 
14.300 13.510 5.52 
9.9000 10.630 7.37 
14.900 14.560 2.28 
12.400 13.460 8.55 
9.2000 8.6800 5.65 
 
Figure A.5 highlights the ability of this new method to determine the droplet volume from measured geometrical 
parameters and compares these results to the two-circle method developed by El Sherbini and Jacobi (2004). It 
should be noted that for these data, the two-circle method generated eleven cases where the percent error was greater 
than or equal to 10%. By comparison, this new extrusion-based technique only produced four cases where the 
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percent error equaled or exceeded 10%. Because water droplets on these micro-structured surfaces tend to be 
parallel-sided and are often highly elongated, this method appears to hold tremendous promise as a non-intrusive 
means of determining the droplet volume. It requires only a few simple inputs which can be gleaned from images of 
the droplet at φ = 0° and φ = 90°— namely, the droplet major axis, minor axis, height, and contact angles. In this 
method, a circular cross-sectional area is extruded the length of the droplet where the chord of the extruded circle is 
fixed by the width of the droplet. It should be noted, however, that this new method of finding the droplet volume 
tacitly relies upon the parallel-sided nature of these droplets and may not work as well for droplets on a conventional 
surface having an elliptical base contour.  
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Figure A.5 Comparison of the two-circle and extrusion-based droplet volume calculation methods 
EES Program for Calculating the Volume of a Surface-Wetting Droplet 
 
{*** Program to calculate the volume of a parallel-sided droplet that is wetting the surface} 
{This method uses a droplet profile which combines a teardrop shape and a circle***} 
{--INPUTS in a Lookup Table are:  
alpha (degrees): surface inclination angle, 
theta_A (degrees): advancing contact angle, 
theta_min (degrees): minimum contact angle, 
L (mm): half-length of the droplet, 
w (mm): half-width of the droplet, 
h (mm): height of the droplet--} 
{--For other liquids, change density, rho (kg/m3) and surface tension, Gamma (mN/m)--} 
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{--Important Units: Diameters (mm), and Volume (mm3)--} 
 
MODULE V1 (alpha_rad, theta_Arad, L, w: Vol, theta_min) 
$COMMON rho, g, Gamma 
{--Volume of the receding portion of the droplet--} 
Bo=(rho*g*sin(alpha_rad)*D^2/Gamma)*1e-3 
theta_min=AvgLookup('Data1','theta_min',1,1) 
theta_min=theta_min_rad*180/pi  {degrees} 
theta_1=theta_Arad 
theta_2=theta_min_rad 
 
Beta=L/w 
L=(Beta^.5)*D/2 
h=AvgLookup('Data1','h',1,1) 
 
{-- Theta Function--} 
c1=((rho*g)/(Gamma/1000))/1000 
c3=0.5*(sin(theta_1)-sin(theta_2)-((rho*g*L^2)/(Gamma))*1e-3) 
c5=(sin(theta_1)+sin(theta_2))/(2*L) 
x_h=(-c5+sqrt((c5^2)-(2*c1*c3)))/c1 
 
b1^2=b2/((tan(theta_2))^2) 
h^2=((x_h+L)/b1)^2*(b2-((x_h+L)^2)) 
y=(x/b1)*sqrt(b2-x^2) 
 
R=L/(Beta*cos(psi)) 
h1=(L*tan(psi))/(Beta) 
y=R-h1 
 
A_c=0.5*(R^2)*(kappa-sin(kappa)) 
(kappa/2)=(pi/2)-psi 
L2=L+x_h 
 
x_1=0.15 
y_1=(x_1/b1)*sqrt(b2-x_1^2) 
vol_tail=0.5*(L/Beta)*x_1*y_1 
 
call V2 (alpha_rad, theta_Arad, L, w: Vol2) 
 
Vol1=integral(A_c,x,x_1,L2)+vol_tail 
Vol=Vol1+Vol2 
 
END 
MODULE V2 (alpha_rad, theta_Arad, L, w: Vol2) 
$COMMON rho, g, Gamma 
{--Volume of the advancing portion of the droplet--} 
 
theta_min=AvgLookup('Data1','theta_min',1,1) 
theta_min=theta_min_rad*180/pi  {degrees} 
theta_1=theta_Arad 
theta_2=theta_min_rad 
 
Beta=L/w 
h=AvgLookup('Data1','h',1,1) 
 
{-- Theta Function--} 
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c1=((rho*g)/(Gamma/1000))/1000 
c3=0.5*(sin(theta_1)-sin(theta_2)-((rho*g*L^2)/(Gamma))*1e-3) 
c5=(sin(theta_1)+sin(theta_2))/(2*L) 
x_h=(-c5+sqrt((c5^2)-(2*c1*c3)))/c1 
 
((x-(L+x_h))^2)+((y+z)^2)=radius^2 
radius=(L-x_h)/(cos((pi/2)-theta_1)) 
z=radius-h 
 
R=L/(Beta*cos(psi)) 
h1=(L*tan(psi))/(Beta) 
y=R-h1 
 
A_c=0.5*(R^2)*(kappa-sin(kappa)) 
(kappa/2)=(pi/2)-psi 
L2=L+x_h 
 
{** Integration is performed as far as numerically possible-- 2*L is often difficult to achieve. However, the 
consequence is quite small, i.e. typically less than 0.25% of the total volume**} 
 
Vol2=integral(A_c,x,L2,1.96*L) 
 
END 
 
 
{---MAIN---} 
alpha=AvgLookup('Data1','alpha',1,1) 
theta_A=AvgLookup('Data1','theta_A',1,1) 
L=AvgLookup('Data1','L',1,1) 
w=AvgLookup('Data1','w',1,1) 
 
theta_Arad=theta_A*pi/180   {Rad} 
alpha_rad=alpha*pi/180 
rho=1000 {kg/m^3}  
Gamma=72.8 {mN/m} 
g=9.81  {m/s^2} 
 
 {Volume Calculation} 
 call V1(alpha_rad, theta_Arad, L, w: Vol, theta_min) 
 
EES Program for Calculating the Volume of a Composite Droplet 
{*** Program to calculate the volume of a parallel-sided, non-surface-wetting water droplet} 
{This method uses a droplet profile which combines a teardrop shape and a circle***} 
{--INPUTS in a Lookup Table are:  
alpha (degrees): surface inclination angle, 
theta_A (degrees): advancing contact angle, 
theta_min (degrees): minimum contact angle, 
L (mm): half-length of the droplet, 
w (mm): half-width of the droplet, 
h (mm): height of the droplet--} 
{--For other liquids, change density, rho (kg/m3) and surface tension, Gamma (mN/m)--} 
{--Important Units: Diameters (mm), and Volume (mm3)--} 
 
MODULE V1 (alpha_rad, theta_Arad, L, w: Vol, theta_min) 
$COMMON rho, g, Gamma 
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{--Volume of a drop using a teardrop-circle integration method--} 
Bo=(rho*g*sin(alpha_rad)*D^2/Gamma)*1e-3 
theta_min=AvgLookup('Data1','theta_min',1,1) 
theta_min=theta_min_rad*180/pi  {degrees} 
theta_1=theta_Arad 
theta_2=theta_min_rad 
 
Beta=L/w 
L=(Beta^.5)*D/2 
h=AvgLookup('Data1','h',1,1) 
 
{-- Theta Function--} 
c1=((rho*g)/(Gamma/1000))/1000 
c3=0.5*(sin(theta_1)-sin(theta_2)-((rho*g*L^2)/(Gamma))*1e-3) 
c5=(sin(theta_1)+sin(theta_2))/(2*L) 
x_h=(-c5+sqrt((c5^2)-(2*c1*c3)))/c1 
 
b1^2=b2/((tan(theta_2))^2) 
h^2=((x_h+L)/b1)^2*(b2-((x_h+L)^2)) 
y=(x/b1)*sqrt(b2-x^2) 
 
R=L/(Beta*cos(psi)) 
h1=(L*tan(psi))/(Beta) 
y=R+h1 
 
A_c=(pi*R^2)-0.5*(R^2)*(kappa-sin(kappa)) 
(kappa/2)=(pi/2)-psi 
L2=L+x_h 
 
x_1=0.15 
y_1=(x_1/b1)*sqrt(b2-x_1^2) 
vol_tail=0.5*(L/Beta)*x_1*y_1 
 
call V2 (alpha_rad, theta_Arad, L, w: Vol2) 
 
Vol1=integral(A_c,x,x_1,L2)+vol_tail 
Vol=Vol1+Vol2 
 
END 
 
MODULE V2 (alpha_rad, theta_Arad, L, w: Vol2) 
$COMMON rho, g, Gamma 
{--Volume of the advancing portion of the droplet--} 
 
Bo=(rho*g*sin(alpha_rad)*D^2/Gamma)*1e-3 
theta_min=AvgLookup('Data1','theta_min',1,1) 
theta_min=theta_min_rad*180/pi  {degrees} 
theta_1=theta_Arad 
theta_2=theta_min_rad 
 
Beta=L/w 
L=(Beta^.5)*D/2 
h=AvgLookup('Data1','h',1,1) 
 
{-- Theta Function--} 
c1=((rho*g)/(Gamma/1000))/1000 
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c3=0.5*(sin(theta_1)-sin(theta_2)-((rho*g*L^2)/(Gamma))*1e-3) 
c5=(sin(theta_1)+sin(theta_2))/(2*L) 
x_h=(-c5+sqrt((c5^2)-(2*c1*c3)))/c1 
 
((x-(L+x_h))^2)+((y-z)^2)=radius^2 
radius=(L-x_h)/(cos(theta_1-(pi/2))) 
z=h-radius 
 
R=L/(Beta*cos(psi)) 
h1=(L*tan(psi))/(Beta) 
y=R+h1 
 
A_c=(pi*R^2)-0.5*(R^2)*(kappa-sin(kappa)) 
(kappa/2)=(pi/2)-psi 
L2=L+x_h 
 
((L-x_h)^2)+((y_2-z)^2)=radius^2 
tip=radius-(L-x_h) 
vol_cap=(1/6)*pi*tip*((3/4)*y_2^2+tip^2) 
 
Vol2=integral(A_c,x,L2,2*L)+vol_cap 
 
END 
 
{---MAIN---} 
alpha=AvgLookup('Data1','alpha',1,1) 
theta_A=AvgLookup('Data1','theta_A',1,1) 
L=AvgLookup('Data1','L',1,1) 
w=AvgLookup('Data1','w',1,1) 
 
theta_Arad=theta_A*pi/180   {Rad} 
alpha_rad=alpha*pi/180 
rho=1000 {kg/m^3}  
Gamma=72.8 {mN/m} 
g=9.81  {m/s^2} 
 
 {Volume Calculation} 
 call V1(alpha_rad, theta_Arad, L, w: Vol, theta_min) 
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Appendix B: Water Retention Following the Melting of a Frost Layer 
A miniature testing chamber, shown in Figure B.1, which utilizes a thermoelectric cooler (TEC) was built 
to test some of the micro-etched samples under frosting conditions. The frost was grown on these samples at fixed 
surface temperature and relative humidity. Humidification was measured using a capacitive thin-film sensor and 
provided by a cool-mist ultrasonic humidifier. The surface temperature was measured using a series of eight T-type 
thermocouples inserted into the sample through the sides. The frost layer was allowed to grow for a period of 45 
minutes. Afterwards, the frost was melted for a period of three minutes, and a Mettler AE 200 electronic balance 
accurate to ± 0.0001g was used to measure the amount of frost that had drained from the surface. This method was 
compared against direct weighing of the Al plate before and after the defrost period and showed an error of less than 
10% (or approx. 0.05 g). For cycling tests, the retained water was allowed to refreeze, and frost was grown for an 
additional 45 minute test period. For convenience, each 45 minute growth period and subsequent melting was 
defined as one defrost cycle. Up to three defrost cycles were examined at a time. Shown below in Figure B.2 and 
B.3 are a couple of representative temperature profiles from these experiments.  
The melting of frost on a surface follows a mode of droplet formation much different from droplet 
injection. In this mode, water fills the channels first and completely wets the surface unlike injected droplet 
formation where the channels remain dry. Shown below in Figure B.4 is the fraction of water that drained from these 
surfaces as a function of the number of applied defrosts. A few observations can be made using this plot. First, the 
quantity of water that drained from the baseline surface exhibited a large amount of scatter. For example, in the case 
of two applied defrosts, the fraction of total drained water was observed to vary between 42% and 78%. To verify 
this observation, four different baseline surfaces⎯some polished, some unpolished⎯were examined, and all 
exhibited approximately the same behavior. In contrast, the quantity of drained water on the etched surfaces was 
highly repeatable, and in most cases there was more complete drainage from the grooved specimens than from the 
baseline surfaces. In fact, for sample 1 the fraction of drained water was always greater than 90%, a drainage 
enhancement of up to 50% over the baseline. Second, the fraction of retained water was not significantly different 
among the three etched samples, suggesting that the channel width, and not the channel depth, played the key role in 
determining the amount of water retained on the surface. Third, the advantage of the etched surface was not fully 
realized until after the first defrost period, suggesting that perhaps the ice within the grooves melted and drained 
first allowing the ice resting on the pillars to slide off easier due to a reduction in contact area. 
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Figure B.1 A Peltier stage was used to grow frost on each sample. The frost was then melted, and the retained 
water was collected and weighed. 
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Figure B.2 Temperature profile of the aluminum substrate for a single defrost-cycle test. The steady-state 
temperature of the surface during frost growth was -6 to -7°C. 
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Figure B.3 Temperature profiles for a two-cycle test. Shown at the top is the initial transient temperature decay 
of the surface, and shown at the bottom is the dynamic temperature response of the surface during melting and 
subsequent refreezing. 
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Figure B.4 The fraction of drained water on the etched surfaces was larger and more repeatable. 
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Appendix C: Observations in a Forced-Convection Wind Tunnel 
A miniature forced convection wind tunnel shown in Figure C.1 was also constructed and used in some 
experiments to image the condensing and freezing of water on an unpolished baseline surface and sample 2. The 
entering air flow was cooled by an upstream heat exchanger to a known temperature (typically 0 to -3 °C) and 
relative humidity (typically 70-80%) prior to entering the test section. The test section was approximately 10 mm by 
101 mm in dimension, and the air flow was a simple channel flow with a velocity range of 1.75 m/s to 3.0 m/s. At 
these velocities, the Reynolds number ranged from 2400 to 4000, and the air flow represented fully-developed, 
transitionally turbulent flow. However, because of upstream turbulators, the flow was assumed to be turbulent. The 
upstream duct was of sufficient length to ensure fully-developed flow prior to reaching the test sample. (i.e. The 
maximum required entrance length for fully-developed, turbulent flow for these Reynolds numbers was 319 mm. 
The upstream duct was 330 mm in length.) Hot-wire anemometry was performed to verify that the velocity profiles 
were fully-developed (see Figure C.2). The sample was cooled by circulating a 50% volume concentration mixture 
of ethylene-glycol and water through a copper block located directly behind the test specimen. The test specimen 
was attached to the copper block by screws, and thermal paste was used to minimize the contact resistance between 
the two surfaces. The copper block contained a single U-bend and had a flow passage diameter of 9.525 mm. The 
test surface was mounted flush with the channel walls and was oriented so that the microchannels were aligned 
parallel to gravity. A flow-conditioning chamber equipped with honeycomb and a screen mesh ensured that the 
approach air flow was uniform and well mixed. 
Qualitative observations of condensing water droplets and a growing frost layer on a micro-grooved surface 
are shown in Figures C.3 to C.5. In Figure C.3, images of a single location on Sample 2 containing a few isolated 
droplets were photographed successively in time. In these images, the parallel-sided base contour shape of the water 
droplets is readily apparent. Also observable is the capillary force exerted on the water droplets by the 
microchannels. The very last image in Figure C.3 reveals the collapse of a water droplet from above producing the 
visible wetted area. The capillarity of the microchannels is believed to be responsible for this surface-wetting 
phenomenon. In Figure C.4, the time-evolving growth of a frost layer on Sample 2 can be seen. It appears that the 
frost layer originates from within the microchannels before spilling out onto the raised surface and eventually 
creating a thick canopy of frost. In Figure C.5, the melting of a frost layer on Sample 2 was also captured. Here, too, 
the influence of the microchannels can be seen in the thin layer of water that is formed on the surface which, 
because of its large surface area, begins to evaporate.   
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Figure C.1 A miniature wind tunnel was constructed to test these samples under forced convection. 
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Figure C.2 Hot-wire anemometry measurements taken vertically along the channel height.  (Note: The origin 
was fixed at the center of the channel, and the wall corresponds to a location of approximately 50 mm.) 
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Figure C.3 Images of droplets condensing on Sample 2 in the wind tunnel photographed at approximately 4 
minute intervals  
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Figure C.4 Images of a growing frost layer on Sample 2 in the wind tunnel photographed at t = 0 min, 4 min, 6 
min, 8 min, 16 min, and 30 min, respectively 
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Figure C.5 Images of a melting frost layer on Sample 2 photographed at approximately 1 minute intervals 
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Appendix D: Program for Calculating the Critical Droplet Size 
{*** Program to calculate the critical droplet size for sliding for water droplets on micro-structured Al 
surfaces***} 
{--INPUTS to the lookup table are:}   
{alpha (degrees): surface inclination angle,} 
{theta_A (degrees): advancing contact angle,} 
{theta_90 (degrees): contact angle at Fi=90deg,}    
{width1 (mm): channel width,}  
{width2 (mm): land width,} 
{depth (mm): channel depth, and} 
{wetting (1 or 0): Wenzel or Cassie mode of wetting--} 
{--For other liquids, change density, rho (kg/m3) and surface tension, Gamma (mN/m)--} 
{--Important Units: mass per unit area (g/m2); Diameters (mm), and Volume (mm3)--} 
 
 
MODULE V (alpha_rad, theta_Arad, theta_90rad, D: Vol, theta_min, D_major) 
$COMMON rho, g, Gamma 
{--Volume of a droplet is calculated using the two-circle method developed by El Sherbini and Jacobi, 
2004--} 
 
wetting=AvgLookup('Data1','wetting',1,1) 
depth=AvgLookup('Data1','depth',1,1) 
width2=AvgLookup('Data1','width2',1,1) 
Bo=rho*g*sin(alpha_rad)*D^2/Gamma*1e-3   {Bo is non-dimensional} 
theta_min_rad=(-0.2596*Bo+0.8082)*theta_Arad 
theta_min=theta_min_rad*180/pi    {degrees} 
 
call ASPECT_RATIO (wetting, depth, width2, Bo: Beta) 
L=(Beta^.5)*D/2 
D_major=2*L 
 
{-- Theta Function--}  
A1=(cos(theta_Arad)-cos(theta_min_rad))/2 
A2=(cos(theta_Arad)+cos(theta_min_rad)-2*cos(theta_90rad))/2 
A3=cos(theta_90rad) 
 
zeta=((((cos(Fi))/L)^3)+(((Beta*sin(Fi))/L)^3))^(-1/3) 
L_factor=sin(theta_1)/sin(theta_2)*(1-cos(theta_2))/(1-cos(theta_1)) 
theta_1=arccos((A1*(cos(Fi))^3+A2*(cos(Fi))^2+A3)) 
theta_2=arccos((A1*(cos(pi-Fi))^3+A2*(cos(pi-Fi))^2+A3)) 
L_1=2*zeta/(1+1/L_factor) 
L_2=L_1/L_factor 
Xo=zeta-L_1 
ub=L_1/sin(theta_1) 
ua=ub*cos(theta_1) 
 
T_111=L_1^3*(2-3*cos(theta_1)+cos(theta_1)^3)/(3*sin(theta_1)^3) 
T_112=Xo*(ub^2*theta_1-ua*ub*sin(theta_1)) 
T_11=T_111+T_112 
 
yb=L_2/sin(theta_2) 
ya=yb*cos(theta_2) 
yc=(yb^2-Xo^2)^.5 
sininv=arcsin((1-Xo^2/yb^2)^.5) 
T_121=Xo^2*(yb-ya) 
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T_122=2/3*yb^3-2/3*yb^2*yc+Xo^2*yb-1/3*Xo^2*yc-Xo*yb^2*(pi/2-sininv) 
T_1=T_11+T_121-T_122 
 
V_1=integral(T_1,Fi,0,pi/2) 
 
T_211=yc*(2/3*yb^2+Xo^2/3) 
T_212=yb^2*ya-ya^3/3 
T_21=T_211-T_212 
 
T_22=-Xo^2*yc+Xo*ya*yb*sin(theta_2)-Xo*yb^2*(sininv-pi/2+theta_2) 
T_23=Xo^2*(yc-ya) 
T_2=T_21+T_22+T_23 
 
V_2=integral(T_2,Fi,0,pi/2) 
 
Vol=V_1+V_2 
END 
 
 
PROCEDURE TENSION(Beta, L: S, S_contact, phi_c) 
{---Approximates the fraction of the contact line in contact with the surface for a parallel-sided base 
contour shape---} 
{Procedure may be modified to use other optimization methods} 
S=0 
Fi=0 
delta_Fi=0 
zeta=L 
wetting=AvgLookup('Data1','wetting',1,1) 
depth=AvgLookup('Data1','depth',1,1) 
width1=AvgLookup('Data1','width1',1,1) 
width2=AvgLookup('Data1','width2',1,1) 
 
IF (wetting = 1) THEN 
10: Fi:=Fi+2*delta_Fi 
IF (Fi<arcsin(L/(Beta*zeta))) THEN 
 zeta:=((((cos(Fi))/L)^3)+(((Beta*sin(Fi))/L)^3))^(-1/3) 
 S:=S+zeta*delta_Fi+(2*depth+width1) 
 delta_Fi:=2*arcsin(width2/(2*zeta)) 
 GOTO 10 
ENDIF 
 
ELSE 
20: Fi:=Fi+2*delta_Fi 
IF (Fi<arcsin(L/(Beta*zeta))) THEN 
 zeta:=((((cos(Fi))/L)^3)+(((Beta*sin(Fi))/L)^3))^(-1/3) 
 S:=S+zeta*delta_Fi 
 delta_Fi:=2*arcsin(width2/(2*zeta)) 
 GOTO 20 
ENDIF 
ENDIF 
 
S_total=S 
S_contact=(4*S)+4*(L/Beta)/(tan(arcsin(L/(Beta*zeta)))) 
phi_c=arcsin(L/(Beta*zeta)) 
END 
PROCEDURE TENSION2(Beta, L, phi_c: S_contact2) 
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{---Approximates the fraction of the contact line in contact with the surface for an elliptical base contour 
shape---} 
{Procedure may be modified to use other optimization methods} 
 
S=0 
Fi=0 
delta_Fi=0 
zeta=L 
wetting=AvgLookup('Data1','wetting',1,1) 
depth=AvgLookup('Data1','depth',1,1) 
width1=AvgLookup('Data1','width1',1,1) 
width2=AvgLookup('Data1','width2',1,1) 
 
IF (wetting = 1) THEN 
10: Fi:=Fi+2*delta_Fi 
IF (Fi<arcsin(L/(Beta*zeta))) THEN 
 zeta:=(L/(SQRT(((cos(Fi))^2)+((Beta)^2)*(sin(Fi))^2))) 
 S:=S+zeta*delta_Fi+(2*depth+width1) 
 delta_Fi:=2*arcsin(width2/(2*zeta)) 
 GOTO 10 
ENDIF 
ELSE 
20: Fi:=Fi+2*delta_Fi 
IF (Fi<arcsin(L/(Beta*zeta))) THEN 
 zeta:=(L/(SQRT(((cos(Fi))^2)+((Beta)^2)*(sin(Fi))^2))) 
 S:=S+zeta*delta_Fi 
 delta_Fi:=2*arcsin(width2/(2*zeta)) 
 GOTO 20 
ENDIF 
ENDIF 
 
S_total=S 
S_contact2=(4*S)+4*(L/Beta)/(tan(arcsin(L/(Beta*zeta)))) 
phi_c2=arcsin(L/(Beta*zeta)) 
END 
 
 
SUBPROGRAM CONTACT(Beta, L, phi_c: S_parallel) 
zeta=((((cos(Fi))/L)^3)+(((Beta*sin(Fi))/L)^3))^(-1/3) 
S_parallel=4*integral(zeta,Fi,0,pi/2) 
END 
 
 
PROCEDURE OMEGA(zeta,Fi,Beta,L,phi_c:omega1) 
IF (Fi<phi_c) THEN 
 cos_w:=(((L/Beta)^2)+(zeta^2)-(L-(L/Beta))^2)/(2*(L/Beta)*(zeta)) 
ELSE 
 cos_w:=cos((pi/2)-Fi) 
ENDIF 
 
IF (ABS(cos_w)<1) THEN 
 omega1:=arccos(cos_w) 
ELSE 
 omega1:=0 
ENDIF 
END 
PROCEDURE ASPECT_RATIO(wetting, depth,width2,Bo: Beta) 
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IF (wetting=1) THEN 
 Beta:=1.0+0.096*Bo+(1.38*(Bo^0.25)*((depth/width2)^0.50)) 
ELSE 
 Beta:=1.0+0.096*Bo+(1.02*(Bo^0.081)*((depth/width2)^0.297)) 
ENDIF 
END 
 
 
SUBPROGRAM Fbalance(alpha_rad, theta_Arad, theta_90rad, D: Vol, theta_min, F_diff, D_major) 
$COMMON rho, g, Gamma 
 
{--Forces acting on a drop--} 
wetting=AvgLookup('Data1','wetting',1,1) 
depth=AvgLookup('Data1','depth',1,1) 
width2=AvgLookup('Data1','width2',1,1) 
Bo=rho*g*sin(alpha_rad)*D^2/Gamma*1e-3 
 
call ASPECT_RATIO (wetting, depth,width2,Bo:Beta) 
Beta=L/w 
L=(Beta^.5)*D/2 
call V(alpha_rad, theta_Arad, theta_90rad, D: Vol, theta_min, D_major) 
theta_min_rad=theta_min*pi/180 
 
 
{---Theta Function---}  
A1=(cos(theta_Arad)-cos(theta_min_rad))/2 
A2=(cos(theta_Arad)+cos(theta_min_rad)-2*cos(theta_90rad))/2 
A3=cos(theta_90rad) 
 
zeta=((((cos(Fi))/L)^3)+(((Beta*sin(Fi))/L)^3))^(-1/3) 
theta_1=arccos((A1*(cos(Fi))^3+A2*(cos(Fi))^2+A3)) 
theta_2=arccos((A1*(cos(pi-Fi))^3+A2*(cos(pi-Fi))^2+A3)) 
 
call TENSION(Beta, L: S, S_contact, phi_c) 
call TENSION2(Beta, L, phi_c: S_contact2) 
call CONTACT(Beta, L, phi_c: S_parallel) 
call OMEGA(zeta,Fi,Beta,L,phi_c:omega1) 
 
R_e=(L/(SQRT(((cos(Fi))^2)+((Beta)^2)*(sin(Fi))^2))) 
S_ellipse=4*integral(R_e,Fi,0,pi/2) 
f_contact=S_contact/S_parallel 
f_contact3=S_contact2/S_ellipse 
 
 
{---Forces---} 
Fg=-rho*g*sin(alpha_rad)*Vol*1e-3   {Force in microNewton (10e-6 N)} 
 
dFs_1=zeta*cos(theta_1)*cos(Fi+omega1) 
dFs_2=zeta*cos(theta_2)*cos(pi+Fi+omega1) 
int_1=integral(dFs_1,Fi,0,pi/2) 
int_2=integral(dFs_2,Fi,0,pi/2) 
Fs=-2*Gamma*(int_1+int_2)*f_contact   {Force in microNewton (10e-6 N)} 
F_diff=Fs+Fg 
END 
PROCEDURE MAXDIAM(alpha_rad, theta_Arad, theta_90rad: D_max, V_max, theta_min, D_major) 
$COMMON rho, g, Gamma 
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{---Maximum diameter of a drop from a force balance---} 
{Procedure may be modified to use other optimization methods} 
 
D=0.1 
delta_D=0.5 
10: D:=D+delta_D 
call Fbalance(alpha_rad, theta_Arad, theta_90rad, D: Vol, theta_min, F_diff, D_major) 
 
IF (F_diff>0) THEN GOTO 10 
IF (delta_D>0.01) THEN 
 D:=D-delta_D 
 delta_D:=delta_D/2 
 GOTO 10 
ENDIF 
D_max=D 
V_max=Vol 
 
END 
 
  
 
{---MAIN---} 
alpha=AvgLookup('Data1','alpha',1,1) 
theta_A=AvgLookup('Data1','theta_A',1,1) 
theta_90=AvgLookup('Data1','theta_90',1,1) 
 
theta_Arad=theta_A*pi/180 
theta_90rad=theta_90*pi/180 
alpha_rad=alpha*pi/180 
rho=1000 {kg/m^3}  
Gamma=72.8 {mN/m} 
g=9.81  {m/s^2} 
 
call MAXDIAM(alpha_rad, theta_Arad, theta_90rad: D_max, V_max, theta_min, D_major) 
 
